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ABSTRACT

PART I

EFFECT OF DIVALENT METAL IONS ON NUCLEOTIDE INHIBITION
OF CITRATE SYNTHASE
The effect of divalent metal ions on the reaction
catalyzed by citrate synthase has been investigated* Con
centrations of metal ions (Mn++, Mg++ and Ca++) in 100—fold
excess of acetyl-CoA concentrations inhibit the enzymic re
action* It is suggested that the inhibition is due to che
late formation between the divalent metal ions and the acetyl-CoA molecule at the polyphosphate chain of the molecule.
Triphospho- and diphosphonucleotides and other polyphosphate
derivatives which are similar in structure to acetyl-CoA in
having a polyphosphate chain were found to exhibit a compe
titive inhibition on citrate synthase with respect to acetylCoA.

The inhibition is suggested to be due to the binding

between the polyphosphate chain of the inhibitors and the
enzyme at the same active site (or active sites) where the
acetyl-CoA molecule is bound to the enzyme* Divalent metal
ions (Mn++, Mg++ and Ca++) at low concentrations reduce the
inhibition* This effect is apparently due to the chelation
of the metal ions with the polyphosphate moiety of the in
hibitor molecules, thus making them unsuitable as inhibitors.
The results are discussed in light of the mechanism of the
enzymic reaction of citrate synthase and that of intracellu
lar metabolic control*

ii
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PART II

EFFECT OF MAGNESIUM IONS ON NUCLEOTIDE INHIBITION OF YEAST
GLUCOSE-6 -PHOSPHATE DEHYDROGENASE
Yeast glucose-6-phosphate dehydrogenase was
found to he inhibited by triphospho- and diphosphonucleotides (ATP, GTP, ITP, ADP GUP and IDP), palmitoyl-CoA, CoA
and pyrophosphates. Magnesium ions at low concentrations
reduce the inhibition. It is suggested that magnesium ions
chelate with the inhibitors at the polyphosphate chain, thus
making them unsuitable as inhibitors.

PART III

PHOSPHOENOLPYRUVATE CARBOXYKINASE FROM BEEF LIVER
Partially purified phosphoenolpyruvate earboxykinase has been prepared from beef liver mitochondria. The
effects of pH, temperature, substrate concentrations and
various nucleotides on this enzyme have been investigated
for the earboxylation and decarboxylation reactions.

iii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ACKNOWLEDGEMENTS
I would like to thank my advisor, Rev* Dr. G* W*
Kosicki, C*S*B., for his inspiring direction and patient
assistance throughout this research work*
May I also thank the members of my committee for
their valuable criticisms, and Mr* T* Phillips and my wife
for their assistance in preparing this manuscript*
Grateful acknowledgement is also due to the De
partment of Education for the Ontario Graduate Fellowship
and to the National Research Council of Canada for its fi
nancial assistance*

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TABLE OF CONTENTS
Page
TITLE P A G E ........................................

i

ABSTHACT ..........................................

il

ACKNOWLEDGEMENTS ..................................

It

TABLE OP CONTENTS .................................

y

ABBREVIATIONS.....................................

ix

LIST OP FIGURES........
LIST OP TABLES

x

...................................

xiv

PART I
EFFECT OP BIVALENT METAL IONS ON NTJCLEOTIDE
INHIBITION OP CITRATE SYNTHASE
Chapter
I
II

INTRODUCTION..............................

2

A.

EXPERIMENTAL..........................

6

1)

Enzyme Assays

6

2)

Enzyme Purification

3)

Materials

B.

...................
......

7

....................

8

Inhibitory Effect of Bivalent
Metal Ions (Kn++, Mg++ and C&++)
on Citrate Synthase ..............

9

Inhibition of Polyphosphonucleotides on Citrate Synthase ........

24

RESULTS
1)

2)

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Chapter

Page
3)

4)

5)

in

Inhibition of Polyphosphate De
rivatives on Pig Heart Citrate
Synthase...........................

35

Effect of Divalent Metal Ions
on the Inhibition of Polyphosphonucleotides on Citrate Syn
thase
....................

44

Effect of Divalent Metal Ions
on the Inhibition of Polyphos
phate Derivatives on Pig Heart
Citrate Synthase...................

39

Discussion
A*

MECHANISM OP THE ENZYMIC REACTION AND
INHIBITION OP CITHATE SYNTHASE
1)

2)

3)

Bo

.........

74

Inhibitory Effect of Divalent
Meted Ions (Mn++, Mg++ and Ca++)
on Citrate Synthase................

74

Inhibition of Polyphosphonucleotides and Polyphosphate Deriva
tives on Citrate Synthase.... ...

32

Effect of Divalent Metal Ions
on the Inhibition of Polyphosphonuoleotides and polyphos
phate Derivatives on Citrate
Synthase .....................

83

CITRATE SYNTHASE AND METABOUC CONTROL.*..

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

86

PARI II
EFFECT OP MAGNESIUM IONS ON NUCLEOTIDE INHIBITION OP YEAST
GLUCOSE-6-PHOSPHATE DEHYDROGENASE
Chapter
I
II

Page
INTRODUCTION................................

94

A.

EXPERIMENTAL............................

96

1)

Materials............... ...........

96

2)

Enzyme A s s a y s ................ ......

96

R E S U L T S ................................

97

DISCUSSION..................................

109

B.
III

PART III
PHOSPHOENOLPYRUVATE CABBOXYKINASE PROM BEEP LIVER
Chapter
I

II

Page
INTRODUCTION...........................

n 2

A.

METABOLIC FUNCTIONOP Q A A ........

112

B.

DECARBOXYLATION OP QAA

................

114

C.

OAA CARBOXYLASES ......................

115

D.

BEEP LIVER PEP CARBOXYXINASE..........

118

A.

EXPERIMENTAL
1)

Enzyme Assays

............

2)

Definition of Units

.......

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

118
121

Chapter

Page

B«

3)

Enzyme Purification......

122

4)

Materials

123

RESULTS
1)

Enzyme Purification

2)

Temperature Dependence

3)

Kinetics...........................

131

a)
b)

131

c)
d)

e)

III

..................

.......
.......

Effects of pH onthe Enzyme •••••
Kinetics of the Carboxylation
Reaction at Low Substrate Con
centration
.............
Effects of Various Nucleotides
on the Carboxylation Reaction •••
Kinetics of the Decarboxylation
Reaction at Low Substrate Con
centrations
......
Effects of Various Nucleotides
on the Decarboxylation Reac
tion ................

124
124

131
131

146

146

DISCUSSION.................................

155

A P P E NDIX ...........................................

159

BI$1I OGRAPHT ....................

162

VITA AUGTQRIS .........................

174

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

ABBREVIATIONS
acetyl-CoA

acetyl-coenzyme A

ADP, GDP, IDP, UDP

the 5 ' (pyro)-diphosphates of
adenine, guanine, hypoxanthine
and uracil

AMP, GMP, IMP, BMP

the 5 1-phosphates of ribosylnucleotides of adenine, guanine,
hypoxanthine and uracil

ATP, GTP, ITP, UTP

the 5 ' (pyro)-triphosphates of
adenine, guanine, hypoxanthine
and uracil

CoA and acyl-CoA

coenzyme A and its acyl deriva
tives

CS

citrate synthase

DTNB

5 , 5 '-dithiohis (2 -nitrobenzoie
acid)

G-6-P

glue os e-6-phosphate

G-6-PIH

glucose-6-phosphate dehydroge
nase

MIH

malic dehydrogenase

NAD, NADH

nicotinamide adenine dinucleo
tide and its reduced form

NADP, NADPH

nicotinamide adenine dinucleo
tide phosphate and its reduced
form

OAA

oxaloacetate

PEP

phosphoenolpyruvate

PEPCK

phosphoenolpyruvate carboxykinase

PPi

pyrophosphate

Tris

tris (hydroxymethyl) aminomethane
ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OP FIGURES
PART I
Figure
1
2
3

4

5

6

7

8
9
10
11

Page
Effect of Metal Ions (Mh++, Mg++ and
Ca++) on the Activity of Pig Heart OS.........

11

Effect of Mg4* on the Activity of Pig
Heart OS at Various OAA Concentrations

13

......

Effect of Mg++ on the Activity on Pig
Heart OS at Various Enzyme Concentra
tions ........................................

13;

Effect of Mg++ on the Activity of Pig
Heart OS at Various Acetyl-CoA Concen
trations .....................................

17

Effect of Mg** on the Activity of CS
from Pig Kidney, Pig Heart and Pig
L i v e r ........................................

19

Effect of Mg** on the Activity of
Pig Kidney CS at Various Acetyl-CoA
Concentrations .................

21

Effects of KC1 and MgClp on the
Activity of Pig Heart CS in the Pre
sence and Absence of ATP
................

23

Competitive Inhibition of ATP on Pig
Heart CS
...........................

26

Competitive Inhibition of Various Nu
cleotides on Pig Heart CS ....................

28

Effect of ATP on the Activity of Pig
Heart CS at Various p H .......................

32

Competitive Inhibition of ATP on Pig
Kidney CS ...................

34

z

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Page
Competitive Inhibition of NAP, NA3H,
NAPP and NAPPE on Pig Heart CS
...........

37

Competitive Inhibition of CoA on
Pig Heart C S ........... ......................

39

Competitive Inhibition of PPi on
Pig Heart CS .................................

41

Effects of Inorganic Phosphate and
KC1 on the Activity of Pig Heart CS ...........

43

Effect of Mn44 on the Inhibition of
ATP on Pig Heart CS ...........................

46

Effect of Mg44 on the Inhibition of
ATP on Pig Heart CS

48

Effect of Ca44 on the Inhibition of
ATP on Pig Heart CS ................

50

Effect of Mg'*"* on the Inhibition of
ATP on Pig Heart CS
.............

32

Effect of Mg4"* on the Inhibition of
ATP on Pig Kidney CS ..........................

54

Effect of Mg4"*" on the Inhibition of
ATP on Pig Heart CS at Various p H .............

56

Effect of Mg 4"4 on the Inhibition of
OTP on Pig Heart C S ..........................

58

Effect of Mn44 on the Inhibition of
Palmitoyl-CoA on Pig HeartCS ................

61

Effect of Mg4* on the Inhibition of
Palmitoyl-CoA on Pig HeartCS ................

63

Effect of Ca44 on the Inhibition of
Palmitoyl-CoA on Pig HeartCS ................

65

Effect of Mg 44 on the Inhibition of
NADH and NAEFH on Pig Heart CS ...............

67

Effect of Mg44 on the Inhibition of
CoA on Pig Heart CS ..........................

69

Effect of Mg 44 on the Inhibition of
PPi on Pig Heart CS ..........................

71

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure
29

Page
Effects of KC1 and MgClo on the Ac
tivity of Pig Heart CS in the Pre
sence and Absence of PPi
........

73

PART II
30
31
32
33
34

Effect of Mg++ on the Inhibition of
ATP on Yeast G-6-PDH .......

99

Effect of Mg++ on the Inhibition of
Various Hucleotides on Yeast G-6-PDH

.......

101

Effect of Mg++ on the Inhibition of
Palmitoyl-CoA on Yeast G-6-PDH

......

103

Effect of Mg++ on the Inhibition of
CoA and PPi on Yeast G-6 -FDH
.........

105>

Effects of Mg++, HH4 CI and Trisacetate on the Inhibition of ATP
on Yeast G-6- P D H ............................

108

PART III
35

36

37

38

39
40
41

The Dependency of the Activity of
PEPCK for the Carboxylation Reac
tion on Temperature
..........

128

The Dependency of the Activity of
PEPCK for the Decarboxylation Re
action on Temperature ••••••••••••••••••••••••

130

The dependency of the Activity of
PEPCK for the Carboxylation Reac
tion on pH
....

133

The dependency of the Activity of
PEPCK for the Decarboxylation Re
action on pH
.......

135

The Mneweaver-Burk Plot for PEP
in the Carboxylation
Reaction...

137

The Lineweaver-Burk Plot for IDP
in the Carboxylation
Reaction
The Dineweaver-Burk Plot for HaHCOj
in the Carboxylation
Reaction

...
...

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

139
141

Figure
42

43

44

45

Page
The Lin.eweaver-Burk Plot for
Mh++ in the Carboxylation Re
action
....................................

143

The Lineweaver-Burk Plot for
OAA in the Decarboxylation Re
action
••................

148

The Mneweaver-Burk Plot for
ITP in the Decarboxylation Re
action
.....................

130

The Lineweaver-Burk Plot for
Mn++ in the Decarboxylation
Reaction.........

152

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LIST OP TABLES
PART I
Table
I

Effect of AMP and Cyclic 3'-5’-AMP
on the Activity of Pig Heart CS ..
PART II

II

Effect of Mg++ on the Inhibition of
Various Inhibitors on G-6-PDH ....
PART III

III

Purification of Beef Liver PEPCK •

IV

Effects of Various Nucleotides on
the Carboxylation Reaction Cata
lyzed by Beef Liver PEPCK ••••••••

V

Effects of Various Nucleotides on
the Decarboxylation Reaction Cata
lyzed by Beef Liver PEPCK «•••••••

xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

PART I

EFFECT OF DIVALENT METAL IONS ON
NUCLEOTIDE
INHIBITION OF CITRATE SYNTHASE
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CHAPTER I
INTRODUCTION
Citrate synthase (CS) (citrate oxaloaeetate ly
ase (CoA-acetylating)) (EC 4.1.3.7) catalyzes the formation
of citrate from OAA and acetyl-CoA (Equation No, i).
acetyl-CoA + OAA= + H 20 ?=* citrate5 + CoA + H+

(i)

Tubbs (l), Wieland, Weiss, and Eger-Neufeldt (2), and Srere
(3) reported the inhibitory effect of palmitoyl-CoA on pig
heart CS. Wieland and Weiss (4 ) reported identical effects
on the yeast enzyme. Hathaway and Atkinson observed that
the kinetic properties of CS from yeast (5), beef heart,
beef liver and K. coli (6) are modified by relative concen
trations of adenosine phosphates (AMP, ADP and ATP). Shep
herd and Garland (7) reported that CS isolated from rat li
ver mitochondria is also inhibited by ATP.
There are a number of proposals concerning the
function of palmitoyl-CoA as an inhibitor of CS. Homeosta
tic control of fatty acid synthesis has been proposed. Long
chain acyl-CoA compounds have been found to inhibit a number
of individual reactions of fatty acid synthesis. Porter and
Long (8) showed that palmitoyl-CoA caused an inhibition of
the fatty acid biosynthesis catalyzed by pigeon liver enzymes.
When they increased the concentration of palmitoyl-CoA deacylase, the inhibition was partially reversed. Robinson,
Brady and Bradley (9) reported that palmitoyl-CoA caused a
decrease in the rate of condensation of acetyl-CoA and malonyl-CoA catalyzed by a purified rat brain enzyme. Tubbs
and Garland (10) reported an inhibition of fatty acid syn
thesis catalyzed by a rat liver system at low palmitoyl-CoA

2
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3
concentrations*

Bortz and Iynen (11) recently reported

that palmitoyl-CoA inhibits acetyl-CoA carboxylase (EC 6 *
4*1*2)* Citrate, which is an activator of the enzyme was
found to compete with palmitoyl-CoA in the inhibition of
the enzyme by the latter (1 2 )* Eger-Neufeldt et al* (13)
vX and Taketa £t al* (14) demonstrated that G-6-PDH is also
inhibited by palmitoyl-CoA.

It thus appeared that pal mi-.

toyl-CoA might play a role in the regulation of NADPH for
mation. All these observations suggest that palmitoyl-CoA
might act as *a feedback regulator* in fatty acid synthe
sis* Palmitoyl-CoA, the end product, inhibits an enzyme
required for its synthesis. The inhibition is after a
•branch point*, i*e., no other synthetic pathway appears
after this point* lorch, Abraham and Chaikoff (15) have
proposed that the removal of an inhibitory end product,
such as palmitoyl-CoA, into complex lipids may control the
rate of synthesis* This explains the stimulation of fatty
acid synthesis by microsomes*
CS catalyzes the formation of citrate from OAA
and acetyl-CoA. It is well known that citrate greatly in
creases the rate of fatty acid synthesis in soluble enzyme
systems* It is postulated (16) that citrate has the follow
ing functions in such systems: l) as an activator of acetylCoA carboxylase (11,12); 2) as a source of reducing power
for fatty acid synthesis; and 3 ) as a carbon source mediated
through ATP citrate lyase (EC 4.1*3*a)* The reaction cata
lyzed by ATP citrate lyase allows citrate to serve as a
source of acetyl-CoA in tissues (17)* It has long been de
monstrated that citrate is an excellent carbon source for
fatty acid synthesis (18,19,20,21)* Srere has proposed (16,
18) that ATP citrate lyase may thus serve as part of a sys
tem in the transfer of acetyl groups across the mitochon
drial membrane into the cytoplasm*

The activity of this

enzyme has also been found to vary markedly under changing
dietary and hormonal conditions, at the same time and in
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4
the same direction as the rate of fatty acid biosynthesis

(22).
Since the involvement of citrate in fatty acid
biosynthesis is extensive, the effect of palmitoyl-CoA on
CS is interesting. Several laboratories (1,2,4) have pro
posed that the inhibition of CS by palmitoyl-CoA could re
gulate citrate levels and thus fatty acid biosynthesis and
ketogenesis. Several observations, however, make it un
likely that this is a physiologically operative control me
chanism.
It has been reported that perfusion of heart tis
sue with palmitate causes a 6-fold increase in citrate le
vels (23). Also, it has been shown that citrate levels in
the tissue of fasted animals are higher than normal both in
rats (23) and in chick (24). In addition, it has been re
ported that the levels of palmitoyl-CoA are increased in
fasted and diabetic animals (25,26). It is apparent, there
fore, that all available physiological evidence shows that
increased palmitoyl-CoA levels are associated with increased
citrate levels. This directly opposes the situation expec
ted if palmitoyl-CoA regulates citrate levels by inhibition
of CS. Srere (3) reported that the interaction between palmitoyl-CoA and CS is unlike the interactions of regulating
compounds with enzymes. Further, Taketa et al. (14) repor
ted recently that palmitoyl-CoA is rather a general and po
tent inhibitor of many enzymes of diverse metabolic func
tions (e.g. Glutamic dehydrogenase, Malic dehydrogenase,etc.)
some of which have no known direct relation to fatty acid
synthesis. They suggested that palmitoyl-CoA cannot be
functioning as a ’specific' negative feedback inhibitor, and
that the physiological function of palmitoyl-CoA in the re
gulation of fatty acid synthesis and metabolism in general
must be viewed with considerable reservation.

CS

The observed effect of adenosine phosphates on
has been suggested by several authors (5,6,7) to be part
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5
of a complex control system by which the utilization of
acetyl-CoA for fat production is regulated in response to
the momentary energy needs of the cell through its oxida
tion via the tricarboxylic acid cycle. The inhibitory ef
fect of adenosine phosphates on CS has also been corre
lated to that of palmitoyl-CoA. 5hey are interpreted by se
veral laboratories (2,4»5»6,7,27) as biosynthetic negative
feedback controls of the branch point metabolite, acetylCoA.
We investigated whether metal ions participate
in this complex system. Divalent metal ions at high con
centrations were found to inhibit CS. Triphospho- and diphosphonucleotides and a series of compounds which are si
milar in structure to acetyl-CoA in having a polyphosphate
chain (NAD, NADH, NADP, NADPH, CoA and PPi) (see APPENDIX)
were found to exhibit a competitive inhibition on CS with
respect to acetyl-CoA. Divalent metal ions at low concen
trations reduce the inhibition. These results are to be
discussed in light of the mechanism of the enzymic reaction
and inhibition of the enzyme as well as that of intracellu
lar metabolic control.
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CHAPTER II
A.
1)

EXPERIMENTAL

Enzyme Assays

CS was assayed in either of the following two
procedures under conditions given in the legends to the fi
gures and the table*
(a)
CS was assayed spectrophotometrically using
DTNB as described by Srere, Brazil, and Gonen (28)* The as
say is based, on the reaction of CoASH with Ellraan1s reagent
(29), 5,5*-dithiobis (2-nitrobenzoic acid)* When a sulfhydryl compound sueh as CoASH reacts with this compound the
following reaction occurs (Equation No. ii)*

CoASH +

The mercaptide ion absorbs light at 412 mu and has a molar
absorbance of 13600* When acetyl-CoA and OAA react in the
presence of CS and DTNB the rate of CoASH formation can be
followed spectrophotometrically at 412 mu* This assay is
considered to have several advantages over other current
assays for CS. It is more sensitive and can be followed in
a region where the other componenta do not absorb light and
a wider concentration range of substrates can thus be tested
in kinetic experiments on the enzyme*
(b)

CS was also assayed spectrophotometrically

by following NAD reduction at 340 mu in a system where Lmalate, NAD, and an excess of MDH'are substituted for OAA (30)*
Molar absorbance of NADH used was 6220. Under these conditions

6
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reaction (iii), catalyzed by MDH, couples withthe

conden

sation reaction (iv) to give reaction (v).
Ir-malate= + UAD+ ^==a- OAA= + NADH + H*
acetyl-CoA + OAA= + H 2O ^==i citrate=+ CoA + H*

(iii)
(iv)

acetyl-CoA + L-malate=+ NAD+ + H 2O
r
^ citrate = + CoA + NADH +2H+ ^
Under the conditions of the assay the equilibrium position
of reaction (iv) favours citrate formation#
For both assay procedures, the reaction mixture
was incubated for 2-3 minutes at 25° C and then the reaction
was initiated by the addition of CS* The temperature of all
reactions was kept at 23*0 ± 0 *2° C by circulating water of
that temperature around the cell chamber of the spectropho
tometer# Rates of reactions were followed on the Gilford
Instrument model 2000 absorbance recorder (Beckman monochro
mator) for 1-2 minutes# Under our experimental conditions,
the absorbance increased linearly with time for at least the
first two minutes of the reaction# The rates of increase of
absorbance (£tO.D*/min) between 13 seconds and one minute
after the start of the reaction are used to calculate the
enzyme activity* The initial rates (Vo) are expressed as
micromoles of substrate utilized per minute# The values are
obtained from conversion of the changes in absorbance per
minute#
2)

Enzyme Purification
Crystalline pig heart CS and MDH (720 units/mg)

used were commercial preparation (Boehringer)* Fig liver
and pig kidney CS were prepared according to the method of
Srere and Kosicki (31)* The purification was carried out
to the second ammonium sulfate fractionation# Protein con
centrations were determined spectrophotometrically by the
method of Warburg and Christian (32)# Enzymes were diluted
with a solution of serum albumin (1 mg per ml of 0*02 M
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Tris-acetate buffer at the appropriate pH).

In the study

of the inhibition of palmitoyl-CoA on CS, enzymes were di
luted with 0*02 M Trie-acetate buffer at pH 8*2 (serum al
bumin reverses the inhibitory effeet of palmitoyl-CoA (2))*
3)

Materials

The following materials were commercial prepara
tions: L-malate, OAA, HAD, AMP and eyclic 3*»5f-AMP (Calbioehem); ATP, ADP, ITP, IDP, NADP, NADPH, PPi (Sigma); GTP
and GDP (P-l Biochemicals); HADH, CoA (Boehringer); 5»5*dithiobis (2-nitrobenzoic acid) (Aldrich); MjgCl2 *6H 20 , MnCl 2 *
4H 2O, CaCl2 t KC1, K 2HPO4 and KH2PO4 (reagent grade)* Tris
was primary standard grade.
Preparation of acetyl-CoA was based on the proce
dure developed by Simon and Shemin (33)* Palmitoyl-CoA was
synthesized by the reaction of palmitoyl chloride with CoA
(34)* Solutions of oxaloacetic acid, DTHB, and nucleotides
were neutralized with KHCO5 before use* Measurement of pH
of each reaction mixture was made at the end of the experi
ment with a Beckman model G pH meter standardized with pH 7
buffer* The buffer system used was a Tris-acetate mixture*
To make the buffer, 1 M basic Tris and 1 M acetic acid were
mixed in the proper proportions.
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B.
1)

RESULTS

Tnhlhitnry Effeet of Bivalent Metal Iona (Mu++. Mg++
and Ca++) on Citrate Synthase

Divalent metal ions at concentrations approxi
mately 100 times the concentration of substrates used show
an inhibitory effect on pig heart CS in the order Mh++>Mg++
> Ca++ (Pig* 1)* Variations in OAA or enzyme concentration
hare no effect on the inhibition caused by higher concen
trations of Mg++ ions (Pig* 2 and Pig* 3)* Increases in
concentration of acetyl-CoA, however, competitively reduce
the inhibition (Pig* 4)* Magnesium ions at higher concen
trations were found to have a similar inhibitory effect on
the pig kidney enzyme and on the pig liver enzyme (Pig* 5,
Pig. 6 ,and also Pig* 20 (no ATP)). The observed Inhibitory
effect of higher concentrations of metal ions is not due to
the ionic strength effect of the metal ions on the system
studied* Potassium chloride, when used at concentrations
approximately three times that of the divalent metal ions,
did not show the same inhibitory effect observed for the di
valent metal ions (upper two curves of Pig* 7)* The diva
lent metal ions have no observable effect on the molar ab
sorbance of DTNB within the concentrations used* Also, si
milar results were observed for the inhibitory effect of
higher concentrations of magnesium ions on the pig heart
enzyme when either standard assay procedure (a) or standard
procedure (b) was used (Pig. 1 and Pig* 19 (no ATP))*
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Pig. 1 .

Effect of metal ions (Mh++,

Mg-4"* and Ca++) on the activity of pig heart OS.
The standard assay procedure (a) was used.

Each

cuvette (0.5 cm light path) contained 0.133 nM
OAA, 0.133 M Tris-acetate buffer at pH 8,2, 0.333
mM DTNB, 73*5 hM acetyl-CoA, metal chlorides as
indicated, 0.1 ug of OS and water to make the
final volume 1.50 ml.
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Pig* 2*

Effect of Mg,f+ on the activity

of pig heart OS at various OAA concentrations.
The standard assay procedure (a) was used.

Each

cuvette (0.5 cm light path) contained 0.133 M Trisacetate buffer at pH 8.2, 0.333 mM DTNB, 50 juM
acetyl-CoA, 0.1 M g of OS, MgCl2 and OAA as indi
cated and water to make the final volume 1.50 ml*
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Pig. 3*

Effect of Mg++ on the activi

ty of pig heart OS at various enzyme concentra
tions.

The standard assay procedure (a) was used.

Each cuvette (0.5 cm light path) contained 0.133
mM OAA, 0.133 M Tris-acetate buffer at pH 8.2,
0.333 mM DTNB, 50 juM acetyl-CoA, MgCl2 and OS as
indicated and water to make the final volume 1.50
ml.
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FIGURE 3
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Fig. 4.

Effect of Mg++ on the activi

ty of pig heart CS at various acetyl-CoA concen
trations o
used.

The standard assay procedure (a) was

Each cuvette (0.5 cm light path) contained

0.133 mM OAA, 0.133 M Tris-acetate buffer at pH
8.2, 0.333 oM 35TOT3, acetyl-CoA and MgCl2 as indi
cated, 0.1 jig of CS and water to make the final
volume 1.50 ml.
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Fig. 5.

Effect of Mg++ on the activi

ty of OS from pig kidney, pig heart and pig liver.
The standard assay procedure (a) was used.

Each

cuvette (1.0 cm light path) contained 0.2 M Trisacetate buffer at pH 8.2, 0.2 mM OAA, 0<>5
26.6 nM acetyl-OoA, MgCl2

DTNB,

indicated, 8.8 ;ug of

pig kidney enzyme, 0.1 ;ug of pig heart enzyme, or
15 ng of pig liver enzyme, and water to make the
final volume 1.0 ml.
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Pig. 6.

Effect of Mg++ on the activi

ty of pig kidney CS at various acetyl-CoA concen
trations.
used.

The standard assay procedure (a) was

Each cuvette (1.0 cm light path) contained

0.2 M Tris-acetate buffer at pH 8.2, 0.2 mM OAA,
0.5 mM DTNB, acetyl-CoA and MgCl2 as indicated,
the appropriate amount of the enzyme and water
to make the final volume 1.0 ml.
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Fig. 7.

Effects of KC1 and MgCl2 on.

the activity of pig heart CS in the presence and
absence of ATP.
was used.

The standard assay procedure (a)

Each cuvette (0.5 cm light path) con

tained 0.135

OAA, 0.133 M Tris-acetate buffer

at pH 8.2, 0.333 mM DTNB, 73.5 juM acetyl-CoA, KOI,
MgCl2 and ATP as indicated, 0.1 yxg of CS and water
to make the final volume 1*50 ml.
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2)

Inhibition of Polvphosphonucleotides on Citrate Synthase

Triphospho- and diphosphonucleotides at concen
trations approximately 100 times that of acetyl-CoA inhibit
pig heart CS in the order ATP > GTP > ADP > GDP > ITP>IDP. The
ATP inhibition (as well as that of the other nucleotides) is
competitive with respect to the substrate acetyl-CoA (Pig*
8 and Pig. 9). AMP and cyclic 3,»5'-AMP do not give mea
surable inhibition (Table I), Observations in Pig* 10 show
that the inhibitory effect of ATP is independent of pH; i.e.,
the relative inhibition of the enzymic activity at pH 7*0 to
9*5 is constant. ATP was found to have similar inhibitory
effect on CS from pig kidney (Pig* 11) and pig liver1*

1 Done in collaboration with Mr* P* Biddle and
and Mr* A. Schincariol in this laboratory.
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Fig. 8.
on pig heart CS.
was used.

Competitive inhibition of ATP
The standard assay procedure (a)

Each cuvette (0.5 cm light path) con

tained 0.133 mM OAA, 0.133 M Tris-acetate buffer
at pH 8.2, 0.333 mM DTNB, ATP and acetyl-CoA as
indicated, and 0.1 ug of CS and water to make the
final volume 1.50 ml.
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Pig* 9.

Competitive inhibition of

various nucleotides on pig heart CS.
assay procedure (a) was used.

The standard

Each cuvette (0.5

cm light path) contained 0.133 mM OAA, 0.133 M
Tris-acetate buffer at pH 8.2, 0.333 mM DTNB, 3.34
mM of various nucleotides as indicated, acetyl-CoA
as noted, and 0.1 ug of CS and water to make the
final volume 1.50 ml.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

28

FIGURE 9

ATP

GTP
ADP

2.0

GDP
I TP
I DP

ij

M O L E S '1 MIN

x 10'

3 .0

No
Nucleotide
.0-00

2

[Acetyl CoA]

4

M 0 L A R *' x 'O '4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

29

Table I.

Effect of AMP and cyclic

3'-5'-AMP on the activity of pig heart CS.
standard assay procedure (a) was used.

The

Each cu

vette (0.5 cm light path) contained 0.133 mM OAA,
0.133 M Tris-acetate buffer at pH 8.2, 0.333 mM
DTNB, acetyl-CoA and nucleotides as indicated,
0.1 jug of CS and water to make the final volume
1.50 ml.
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H g . 10.

Effect of ATP on the activi

ty of pig heart CS at various pH.
assay procedure (a) was used.

The standard

Each cuvette (0.5

cm light path) contained 0.133 mM OAA, 0.133 M
Tris-acetate buffer of the appropriate pH, 0.33
mM DTNB, 56.2 juM acetyl-CoA, ATP as indicated,
0.025 jxg of CS and water to make the final vol
ume 1.50 ml.
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Pig. 11.
on pig kidney CS.
used.

Competitive inhibition of ATP
The standard assay procedure (a) was

Each cuvette (1.0 cm light path) contained

0.2 M Tris-acetate buffer at pH 8.2, 0.2 M OAA,
0.5 mM DTNB, ATP and acetyl-CoA as indicated, the
appropriate amount of CS and water to make the fi
nal volume 1.0 ml.
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3)

inhibition of Polyphosphate Derivatives on Pig Heart
Citrate Synthase

NAD, NADH, NADP, NADPH at concentrations approxi
mately 100 times that of acetyl-CoA inhibit pig heart OS in
the order NADPH > NADH> NAD and NADP* The nature of the in
hibition is competitive with respect to the substrate acetyl-CoA (Pig* 12)• Concentrations of CoA approximately five
times that of acetyl-CoA cause a partial inhibition (30%) of
the enzymic rate of pig heart CS. Concentrations of pyro
phosphate approximately 300 times that of acetyl-CoA cause
a partial inhibition (25$) of the enzymic rate of the en
zyme. The nature of the inhibition by these two compounds
is competitive with respect to the substrate acetyl-CoA
(Pig* 13 and Pig. 14)• Inorganic phosphate (potassium phos
phate buffer at pH 8*2 was used) at concentrations 300 times
that of acetyl-CoA had no measurable inhibitory effect on
the enzymic rate of pig heart CS* Inhibitory effect at high
er concentrations of inorganic phosphate was due to the ef
fect of ionic strength (Pig* 15)*
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Pig. 12.

Competitive inhibition of NAD,

NADH, NADP and NADPH on pig heart CS.
dard assay procedure (a) was used.

The stan

Each cuvette

(1.0 cm light path) contained 0.2M Tris-acetate
buffer at pH 8,2, 0.2 mM OAA, 0.5 mM DTNB, 5 mM
of various nucleotides, acetyl-CoA as indicated,
0.1 ng of CS and water to make the final volume
1.0 ml.
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Pig. 13.
on pig heart CS.
was used.

Competitive inhibition of CoA

The standard assay procedure (b)

Each cuvette (1.0 cm light path) con

tained 0.2 M Tris-acetate buffer at pH 8.2, 5 mM
of malate, 0.27 mM NAD, 3 jug of MDH, CoA and acetylCoA as indicated, 0.13 Jug of CS and water to make
the final volume 1.0 ml.
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H g . 14.
PPi on pig heart CS.
dure (b) was used.

Competitive inhibition of
The standard assay proce
Each cuvette (1.0 cm light

path) contained 0.2 M Tris-acetate buffer at pH
802, 5 mM of malate, 0.27 mM NAD, 3 ;ug of MEH,
PPi and acetyl-CoA as indicated, 0.3 oig of CS
and water to make the final volume 1.0 ml.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

FIGURE 14

O
00

O

CO

niw

o
i-saiownr

o
CM
S*

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

42

Fig. 15.

Effects of inorganic phos

phate (potassium phosphate buffer at pH 8.2) and
KOI on the activity of pig heart OS.
dard assay procedure (a) was used.

The stan
Each cuvette

(l.O cm light path) contained 0.2 M Tris-acetate
buffer at pH 8.2, 0.2 M OAA, 0.5 mM DTNB, 28.1
mM acetyl-CoA, KOI and potassium phosphate buffer
as indicated, 0.13 Jig of CS and water to make the
final volume 1.0 ml.
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4)

Effect of Divalent Metal Ions on the Inhibition of
Polyphosphonucleotides on Citrate Synthase

Divalent metal ions (Mh++, Mg++ and Ca++) at low
concentrations, or at concentrations approximately equal to
the concentrations of ATP used, reduce the inhibition caused
by ATP on the pig heart enzyme (Pig* 16, Pig* 17 and Pig* 18).
Maximum reversibility of the inhibition of ATP by the metal
ions is observed when the concentrations of the metal ions
and the concentration of ATP used have approximately a ratio
of 1:1* Similar results were observed when the standard as
say procedure (b) (the coupled assay with MDH) was employed
(Pig* 19). Magnesium ions have a similar effect on the in
hibition by ATP on the pig kidney enzyme (Pig* 20) and on
the pig liver enzyme** The effect of the metal ions on the
inhibition by ATP of the enzyme is independent of pH (Pig* 21).
The inhibition of 6TP on the pig heart enzyme was affected
in a similar manner by magnesium ions (Pig* 22). When
metal ions are used at concentrations higher than those
of the nucleotides the inhibitory effect of the metal ions
prevails (see also section lX)* The observed effect of me
tal ions in reducing the inhibition is not due to the ionic
strength effect of the metal ions on the system studied*
Potassium chloride, when used at concentrations approximate
ly three times that of the divalent metal ions, did not show
the same effect observed for the divalent metal ions (Pig* 7,
lower two curves)*

2 Done in collaboration with Mr* P. Biddle and
B5r. A* Schincariol in this laboratory.
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Fig. 16.

Effect of Mn++ on the inhibi

tion of ATP on pig heart CS.
procedure (a) was used.

The standard assay

Each cuvette (0.5 cm

light path) contained 0.133 mM OAA, 0.133 M Trisacetate buffer at pH 8.2, 0.335 mM DTNB, 73.5 ;uM
acetyl-CoA, MhCl2 and ATP as indicated, 0.1 ;ug of
CS and water to make the final volume 1.50 ml.
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Pig. 17.

Effect of Mg++ on the inhibi

tion of ATP on pig heart CS.
procedure (a) was used.

The standard assay

Each cuvette (0.5 cm light

path) contained 0.153 mM OAA, 0.133 M Tris-acetate
buffer at pH 8.2, 0.333 mM DTNB, 73.5 uM acetylCoA, MgCl2 and ATP as indicated, 0.1 ng of OS and
water to make the final volume 1.50 ml.
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H g . 18.

Effect of Oa++ on the inhibi

tion of ATP on pig heart CS.
procedure (a) was used.

The standard assay

Each cuvette (0.5 cm

light path) contained 0.133 mM OAA, 0.133 M Trisacetate buffer at PH 8.2, 0.333 oM DTNB, 73*5 pM
acetyl-CoA, CaCl2 and ATP as indicated, 0.1 jog of
CS and water to make the final volume 1.50 ml.
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Pig. 19.

Effect of Mg*+ on the inhibi

tion of ATP on pig heart CS.
procedure (b) was used.

The standard assay

Each cuvette (1.0 cm

light path) contained 0.2 M Tris-acetate buffer
at pH 8.2, 5 mM of malate, 0.27 mM HAD, 33.2 pM
acetyl-CoA, 3 Jug of MEH, MgCl2 and ATP as indica
ted, 0.13 Jug of CS and water to make the final
volume 1.0 ml.
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KLg. 20.

Effect of Mg'** on the inhibi

tion of ATP on pig kidney CS*
procedure (a) was used.

The standard assay

Each cuvette (1.0 cm

light path) contained 0.2 M Tris-acetate buffer
at pH 8.2, 0.2 mM OAA, 0.5 mM DTNB, 37.8 jaM acetylCoA, MgCl2 and ATP as indicated, the appropriate
amount of the enzyme and water to make the final
volume 1.0 ml.
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Pig. 21.

Effect of Mg”H> on the inhibi

tion of ATE on pig heart OS at pH 8.2 (—

) and

pH 7.2 (---) at yarioue concentrations of ATPi
( o , e ) no ATE,

(*,*) 3.34 mM ATE, (■) 6.67 mM ATE,

(=>) 13*3 mM ATE.
was used.

The standard assay procedure (a)

Each cuvette (0.5 cm light path) con

tained 0.133 mM OAA, 0.133 M Trie-acetate buffer
at the appropriate pH, 0.333 mM DTNB, 73.5 mM
acetyl-CoA, ATE and Mg0l2 as indicated, 0.1 ng of
CS and water to make the final volume 1.50 ml.
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Pig. 22.

Effect of Mg++ on the inhibi

tion of GTP on pig heart OS.
procedure (a) was used.

The standard assay

Each cuvette (0<>5 cm light

path) contained 0.133 mM OAA, 0.133 M Tris-acetate
buffer at pH 8.2, 0.333 mM DTNB, 50.0 ^jM acetylCoA, GTP and MgCl2 as indicated, 0.1 ng of CS and
water to make the final volume 1.50 ml*
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5)

Effect of Divalent Metal Ions on the Tnhihitinii of Poly
phosphate Derivatives on Pig Heart Citrate Synthase

The metal ions studied (Mn++, Mg++ and Ca++)
were found to reduce the inhibition of palmitoyl-CoA on
pig heart CS in a pattern similar to the reduction of in
hibition caused by ATP (Pig, 23, Pig,24, and Pig, 25)* Mag
nesium ions have a similar effect on the inhibition of NADH,
NADPH, CoA and pyrophosphate (Pig, 26, Pig, 27» and Pig, 28),
The observed effect of magnesium ions is not due to the
ionic strength effect of the metal ions on the systems stu
died, Potassium chloride, when used at concentrations approxi
mately three times that of the magnesium ions, did not show
the same effeet observed for the magnesium ions (Pigo 29)*'
Also, similar results were observed for the effect of mag
nesium ions on the inhibition by pyrophosphate on pig heart
CS when either standard assay procedure (a) or standard as
say procedure (b) was used (Pig, 28 and Pig, 29),
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Pig. 23.

Effect of Mn++ on the inhibit

tion of palmitoyl-CoA on pig heart OS.
dard assay procedure (a) was used.

The stan

Each cuvette

(0.5 cm light path) contained 0.133 mM OAA, 0.133
M Tris-acetate buffer at pH 8.2, 0.333 mM DTNB,
51 juM acetyl-CoA, MnCl2 and palmitoyl-OoA as in
dicated, 0.1 ug of OS and water to make the final
volume 1.50 ml.
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Fig. 24.

Effect of Mg++ on the inhibi

tion of palmitoyl-CoA on pig heart CS.
dard assay procedure (a) was used.

The stan

Each cuvette

(0.5 cm light path) contained 0.133 mM OAA, 0.133
M Tris-acetate buffer at pH 8.2, 0.333 oM DTNB,
51 nM acetyl-CoA, MgCl2 and palmitoyl-CoA as indi
cated, 0.1 jug of CS and water to make the final
volume 1.50 ml.
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Fig. 25.

Effect of Ca*M ’ on the inhibi'

tion of palmitoyl-CoA on pig heart OS.
dard assay procedure (a) was used.

The stan

Each cuvette

(0.5 cm light path) contained 0.133 mM OAA, 0.133
M Tris-acetate buffer at pH 8.2, 0.333 mM DTNB,
51 nM acetyl-OoA, CaCl2 and palmitoyl-CoA as in
dicated, 0.1 jag of OS and water to make the final
volume 1.50 ml.
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FIGURE 25
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M g . 26.

Effect of Mg*4 on the inhibi

tion of NADH and NAEPH on pig heart CS.
dard assay procedure (a) was used.

The stan

Each cuvette

(1.0 cm light path) contained 0.2 M Tris-acetate
buffer at pH 8.2, 0.2 mM OAA, 0.5 iM DTNB, 25.8
m

acetyl-OoA, 0.25 mM of NAEH or NADPH, MgCl2 as

indicated, 0.1 jug of pig heart CS and water to
make the final volume 1.0 ml.
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Pig. 27i

Effect of Mg++ on the inhibi

tion of CoA on pig heart CSo
procedure (b) was used.

The standard assay

Each cuvette (1.0 cm light

path) contained 0.2 M Tris-acetate buffer at pH 8.2,
5 mM malate, 0.27 mM NAD, 33.2 jaM acetyl-CoA, 3 fig
of MDH, MgCl2 and CoA as indicated, 0.13 hg of CS
and water to make the final volume 1.0 ml.
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FIGURE 27
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Fig. 280

Effect of Mg** on the inhibi

tion of PPi on pig heart CS,
procedure (b) was used.

The standard assay

Each cuvette (1.0 cm light

path) contained 0.2 M Tris-acetate buffer at pH 8.2,
5 mM malate, 0.27 mM NAD, 33*2 uM acetyl-CoA, 3 jug
of MIH, MgCl2 and pyrophosphate as indicated, 0.3
jug of CS and water to make the final volume 1.0 ml.
At higher concentrations of Mg++, the order of ad
dition was the following in order to prevent pre
cipitation of magnesium pyrophosphate.

Buffer,

water, PPi were added and mixed before the addiof MgCl2 .
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Pig. 29.

Effects of KOI and MgCl2 on

the activity of pig heart CS in the presence and
absence of PPi.
was used.

The standard assay procedure (a)

Each cuvette (l.O cmlight path) con

tained 0.2 M Tris-acetate buffer at pH 8,2, 0,2
mM OAA, 0.5 mM DTNB, 28.1 ;uM acetyl-OoA, 5 mM PPi,
KC1 and MgCl2 as indicated, 0,1 ,ug of CS and water
to make the final volume 1.0 ml.
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CHAPTER III
DISCUSSION
A.

MECHANISM OP THE ENZYMIC REACTION AND INHIBITION OP
CITRATE SYNTHASE

1)

Inhibitory Effects of Divalent Metal Iona (Mn++* Mg++
and Ca++) on Citrate Synthase
Divalent metal ions (Mn++, Mg++ and Ca++) at con

centrations 100 times that of acetyl-CoA inhibit pig heart
CS* Magnesium ions were found to have a similar effect on
CS from pig liver and pig kidney* Ramakrishnan (35) has
also reported that CS from Aspergillus niger is considerably
inhibited by magnesium ions* The metal ions inhibition of
pig heart CS decreases with increasing concentrations of
acetyl-CoA* Variations of concentration of OAA and enzyme
concentration have no effect on the over-all inhibition*
The inhibition at higher concentrations of metal ions may
be due to chelation between the metal ions and the poly
phosphate chain of the acetyl-CoA molecule*
Chelate formation between divalent metal ions
and adenosine phosphates has been investigated by many
workers in recent years (36,37,38*39,40,41,42). Taqui Khan
and Martell (12), using the pH titration method* inferred
that the chelation of metal ions and adenosine phosphates
takes place at the site of the polyphosphate chain* Cohn
and Hughes (42) studied the shifts in the nuclear magnetic
resonance spectra of solutions of ADP and ATP induced by
the addition of various metal ions and in this way they di
rectly visualized the formation of complexes* They conclu
ded that Mg++ complexes with the t<-and ^phosphates of ADP and
with the A- and r- phosphates of ATP and that interactions of Mg++
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with other portions of the nucleotides (e.g., the amino
groups at position 6 of the purine ring), if they occur at
all, are insignificant. The acetyl-CoA molecule is similar
to ATP and ADP in that it contains the ADP moiety (see AP
PENDIX). Acetyl-CoA may thus chelate with metal ions at
the polyphosphate chain in a manner similar to ATP or other
pyrophosphates.
luxury (43) has outlined that enzymes function
as catalysts in one of two general wayss a) they alter the
electronic distribution in the reactive bond to make it less
stable relative to the activated complex; or b) they provide
a favourable environment for electronic rearrangements which
must take place in the activated complex and thus reduce the
free energy for the latter in comparison with that of the
reactants. Enzymic reactions usually take place in two steps :
a) the specific binding of the substrate or substrates>and b)
the subsequent bond-cleaving or bond formation. Koshland (44)
has estimated that a large number of binding sites is required
(among other factors) for an enzyme to catalyze a reaction at
rates so much more rapid than those of simple chemical cataly
tic reactions. Dixon and Webb (45) also point out that the
remarkable stereospecificity of many enzymes implies that
combination between substrates and enzyme molecules occurs
at many points. Koshland (46) has emphasized the importance
of a change in protein conformation during binary complex
formation which also suggests multiple binding sites for each
substrate.
Srere (47) has recently reported studies on the
binary complex formation between OAA and CS. On the basis
of studies with ultraviolet spectroscopy, optical rotatory
dispersion spectroscopy, and ultracentrifugation techniques,
he concluded that OAA is bound to the enzyme through both
carboxyl groups, as well as through the carbonyl oxygen.
OAA in solution exists as a tautomeric mixture of keto and
enol forms. Englard (48) and Eggerer (111) have presented
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convincing evidence that it is keto-OAA that serves as a
substrate for CS. Since the keto group is an important
factor in the binding, one could postulate a Schiff's-base
formation at the keto group. This would make the carbon
less reactive for the condensation that is to follow. Srere
(47 ) demonstrated that KBH^ does not cause the binding of a
significant amount of OAA to the enzyme. He proposed that
the enzyme binds and stabilizes a structure of OAA repre
sented in Diagram I.This structure is the most likely arrangement

trHi OAA

CS

Diagram I
to undergo an aldol-condensation.

Srere (47) also re

ported that there are at least five binding sites for the
two substrates on CS. He demonstrated that propionyl-CoA
and glycolyl-CoA do not act as substrates but are inhibitors
for the enzyme, while fluoroacetyl-CoA is a substrate and
in part a competitive inhibitor for the enzyme (47). This
suggested the possibility of one specific binding site for
the CH3 group of acetyl-CoA. Since acetylpantetheine did
not replace acetyl-CoA in the reaction and propionyl-CoA
and glycolyl-CoA act as inhibitors, Srere suggested that there
might be binding sites ( or one site) specific for groups on CoA.
He mentioned that this binding is not as. firm as the OAA bind
ing, nor does it seem to involve a conformation change in
the region of aromatic residues (47 ,49 )*
* The chemical nature of the groups on the enzyme
involved in binding has not yet been investigated. We use
a positive charge here only as a representation of one of
the binding groups because a positive charge seems to be
one of the obvious characteristics of the binding groups in
volved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

77

Our observations 1) that divalent metal ions
inhibit the enzyme; 2) that a series of compounds which
contain the polyphosphate chain (see APPENDIX) exhibit a
competitive inhibition of the enzyme with respect to acetyl-CoA;and 3) that the inhibition is reduced in the pre
sence of low concentrations of metal ions strongly sug
gest that there is an essential binding between the poly
phosphate chain of the acetyl-CoA molecule and the enzyme
for the enzymic reaction to occur.
Section A.2) and Section A.3))

(See also DISCUSSION,

It thus seems logical to

propose that OAA and acetyl-CoA bind to the enzyme in the
manner of Diagram II.

CS
OAA

\

<=— o

\

_

o<=>

Acetyl-CoA
p — p*,
I

OS

es

Diagram II
Concerted mechanisms have been postulated (113)
for a number of enzyme -catalyzed reactions, e.g., acetokinase, pyruvate kinase, and glutamine synthetase. Concer
ted reactions may be of greater importance in enzyme cata
lyzed reactions than in non-enzymatic ones because of the

* A positive charge is used here only as a repre
sentation of a binding group (or groups) on the enzyme. The
chemical nature of these binding groups on the enzyme has not
yet been investigated (see also footnote on the previous page).
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highly stereospecific nature of the enzyme-substrate inter
action. Jencks (112) has discussed the principle of ‘cata
lysis by approximation*. According to this principle, an
enzyme catalyzes a reaction by simple or forced approxima
tion of the reaction groups to a position close enough to
overcome some of the energy barrier to reaction. Other
functional groups of the enzyme will also be properly ori
ented about an active site (or sites) to which the substrate
molecules are bound.
Several authors (50,52,111,114) have postulated
a concerted mechanism for the reaction of CS. This would
mean that acetyl-CoA condenses with OAA, with a simultaneous
hydrolysis of the resulting intermediates leading to the for
mation of citrate. A detailed scheme of such a possible me
chanism is presented by Bggerer (ill) (Equation Bo. vi).
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Proposed Mechanism for the Reaction of CS
In the hydroxyl ion catalyzed aldol-condensation
of acetaldehyde, enolization of acetaldehyde is the ratedetermining process (111,115). It has been reported that
the removal of a proton from the acetyl group of the acetylCoA molecule may be the limiting step in the reaction of
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CS (51,116). lynen (50) pointed out that the attachment
of the acetyl moiety to CoA through a thioester linkage
causes the C=0 group to have a more pronounced carbonyl
character, which enhances the labilization of a methyl
proton through enolization. Bove et al. (51) and the Vennesland group (52), however, have reported that the enzyme
does not catalyze an exchange between a proton on the me
thyl carbon of acetyl-CoA and the medium. They proposed
(51,52) that the binding of OAA is necessary before the pro
ton can be removed. Rose (53), meanwhile, has pointed out
that the removed proton may be tightly sequestered to the pro
tein. Srere (47) suggested that the change they observed
in protein conformation with the addition of OAA might be
necessary to form the active site.
The recent demonstration by Eggerer (111) of the
formation of enol-acetyl-CoA with isotopic techniques sheds
new light upon the mechanism of CS. Eggerer (111) showed
that the enolization of acetyl-CoA requires CS and (L)-malate as a specific inducer. (L)-malate which contains the

O
II
c-o
©
/
W-yC
I
® G — C ®

o

II

c- o &

H-.c^
*T

HC-c — M

""c 6

OAA

(Ii)-malate

three functional groups of the transition state of OAA
(keto-form) can substitute for OAA as an inducer.

The

earboxylic anions in (L)-malate can bind to the enzyme in
a similar manner as the OAA anions. The removal of the
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proton from acetyl-CoA can thus be achieved, (L)-malate,
however, cannot condense with the acetyl-CoA carbanion.
It could thus be proved that when CS functions as acetylCoA enolase, OAA or a structurally similar compound is re
quired as an inducer. Eggerer (111) also confirmed that
keto-OAA is the reacting species and that the enolization
of acetyl-CoA is the rate determining step of the reaction
of CS. He suggested that the enzyme has three functions:
enolase, ligase,and hydrolase.
Our observation that there is an essential bind
ing between the polyphosphate chain of the acetyl-CoA mole
cule and the enzyme, in addition to Eggerer*s findings (111)
and Srere *s studies on the binding complex formation of OAA
and CS (47), gives us a clear picture of the mechanism of
the enzyme. The enzymic catalysis is suggested to take
place in three steps (see Equation No. vi):
1) Enolization of acetyl-CoA (enolase (111)) -The binding of OAA to the enzyme will lead to conformational
changes (47). Conformational changes might occur so that
the carboxylie anions of OAA may be properly oriented about
the active site (or sites) to which the acetyl-CoA molecule
is bound to the enzyme at the polyphosphate chain. The car
boxylie anions will exert a pulling effect of a base to fa
cilitate the labilization of the proton from the acetylgroup of the acetyl-CoA molecule. Conformational changes
might also occur so that a special catalytic group (or
groups) in the protein is arranged so that both steric and
spatial effects can be exerted to favour the enolization;
2) Addition of enol-acetyl-CoA to OAA with the
formation of citryl-CoA (ligase (ill));
3) Formation of citryl anhydride (111,117,118,
119) and its consequent hydrolysis to form citrate (hydro
lase (111)).
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The primary effect of the enzyme, therefore, is to
lower the free energy of activation by raising the entropy
in the rate-limiting step* The enzyme accomplishes this
by holding the reactants in favourable positions and en
vironments*
The conformational change due to the binding of OAA
to the enzyme may give rise to one more effect* A change
in the protein might occur so that only an acetyl group
(or a very small group) can fit in the spatial arrangement
where the carbonyl group of OAA is attacked. This proposal
may be used to explain Srere*s observation (3) that OAA pro
tects the enzyme from palmitoyl-CoA inhibition if the en
zyme has been incubated with OAA before the addition of
palm itoyl-CoA. OAA, however, does not relieve the inhibi
tion of palmitoyl-CoA if the enzyme has been incubated with
palmitoyl-CoA before the addition of OAA (3)* The addition
of OAA to the enzyme with the consequent complex formation
is thoughtto give rise to a special spatial arrangement
where the carbonyl group of OAA is attacked* Only an acetyl
group (i*e., a small group) can fit in this spatial arrange
ment. A large group (e.g., the palmitoyl group) would fail
to fit* This might in turn affect the inhibitory binding
between the polyphosphate moiety of palmitoyl-CoA and the
enzyme. This proposal also explains the specificity of CS
for a very limited number of substrates. So far, only acetyl-GoA (54) fluoroacetyl-CoA (55), OAA (54), and fluoroOAA (56) have shown to be substrates for the condensation
reaction*
Our observations that metal ions inhibit the enzyme
competitively with respect to acetyl-CoA suggest that a binding
between the polyphosphate chain in the acetyl-CoA molecule
and the enzyme is essential for the enzymic reaction* Pre
sence of metal ions will lead to chelation between the me
tal ions and the polyphosphate chain of the substrate acetyl-CoA* This will cause unsuccessful or improper substrateenzyme binding with the consequent observed inhibition*
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observations that compounds similar to acetyl-CoA in having
a polyphosphate chain cause a competitive inhibition of the
enzyme with respect to acetyl-CoA (see DISCUSSION, Section
A* 2)) and that the inhibition of these compounds is relieved
in the presence of low concentrations of metal ions (see
DISCUSSION, Section A.3)) support this proposal* Also, a
correlation can be drawn between the increasing order of
inhibitory effect of the metal ions (Ca++< Mg++< Mh++) and
the increasing order of the stability constants (37,41) of
the metal chelates of ATP (Ca++< Mg++< Mh++)*
Our results showing that the metal ion inhibition
is competitive with aeetyl-CoA (Pig* 6) seem to rule out the
possibility that the metal ions bind to the enzyme and thus
cause the inhibition* A fuller answer to this question
might be obtained by investigating whether a complex forms
between the metal ions and the enzyme using a variety of
available techniques. Some of these techniques are: ultra
violet spectroscopy, optical rotatory dispersion spectros
copy, ultracentrifugation (47) > nuclear magnetic resonance
spectroscopy (42), electron spin resonance spectroscopy (57),
equilibrium dialysis (58,110) and atomic absorption. Kine
tic studies cannot give us a full picture of enzyme mechani
sms. In order to complement these, it would be necessary
to study the binding of the metal ions with the enzyme as
well as with the substrates and the binding between the
substrates and the enzyme* Stoichiometry and stability
studies of the metal ion-enzyme complex, metal ion-substrate
complexes and enzyme-substrate complexes of CS with the above mentioned techniques will be an important asset to the
understanding of the mechanism of this enzyme.
2)

Inhibition of Polyphosphonucleotides and Polyphosphate
Derivatives on Citrate Synthase

We have reported (59) that all the triphosphoand diphosphonucleotides studied exhibit competitive inhi
bition on pig heart CS with respect to acetyl-CoA when they
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are used at concentrations approximately 100 times that of
acetyl-CoA. AMP and cyclic 3*>5*-AMP at the same concen
trations gave no measurable inhibition. Atkinson and coworkers have independently reported the competitive inhi
bition of ATP and other triphospho— and diphosphonucleo—
tides with respect to acetyl-CoA on CS from yeast (5)» beef
heart* beef liver and E^ coli (6). Shepherd and Garland(7)
have also demonstrated the inhibition of ATP on CS isolated
from rat liver mitochondria. Purther investigations in our
laboratory show that ATP causes a similar inhibition on CS
from pig kidney and pig liver* We also found that NAD, NADH,
NADP, NADPH and CoA exhibit an inhibition competitive with
acetyl-CoA on pig heart CS. Propionyl-CoA and glycolyl-CoA
(47) and palmitoyl-CoA (1,2,3) have also been reported as
inhibitors of the enzyme.
An examination of the acetyl-CoA molecule and all
the inhibitors studied (ATP, GTP, ADP, GDP, IIP, IDP, NAD,
NADH, NADP, NADPH, propionyl-CoA, glycolyl-CoA, palmitoylCoA and CoA) shows that there is a great similarity in their
molecular structures (see APPENDIX). Everyone of the inhi
bitors as well as acetyl-CoA contains a polyphosphate chain
and an aromatic purine residue. This leads us to think that
either the polyphosphate chain or the purine residue or both
are responsible for the inhibition. The fact that palmitoylCoA after hydrolysis5 (3) and palmitic acid (110) do not in
hibit the enzyme and that acetylpentetheine does not replace
aeetyl-CoA (47) in the reaction supports our proposal. Our
observation that AMP and cyclic 3 % 5*-AMP give no measurable
Inhibition eliminates the probability that the inhibition
3 hydrolysis of palmitoyl-CoA was carried out in
0.5 N KOH (3). The thioester bona was cleaved under this
condition. Inhibition due to the CoA foimed after hydroly
sis was not observed may be due to one of the following rea
sons. The pyrophosphate linkage in CoA may have been hydro
lysed or partially hydrolysed in alkaline condition (60,61).
Also, the CoA concentration might be too low to give a measur
able inhibition. We found that a higher concentration of
CoA in comparison to that of palmitoyl-CoA is required to
give a measurable inhibition.
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observed is due to the purine residue.

Our observation

that inorganic pyrophosphate acts as a competitive inhibi
tor with respect to acetyl-CoA, however* suggests that there
is definitely a binding between the enzymes and the polyphos
phate chain of the acetyl-CoA molecule as well as that of the
inhibitors. An inhibitor with a polyphosphate moiety simi
lar to that of acetyl-CoA will bind to the enzyme competi
tively with the substrate acetyl-CoA at the site (or sites)
on the enzyme where the polyphosphate chain of acetyl-CoA
is bound thus causing the observed competitive inhibition.
The inhibition of triphospho- and diphosphonucleotides studied is in the order ATP> GTP> ADP> GDP> ITP>IDP.
The reason that trlphosphonueleotides are more inhibitory
than diphosphonucleotides may be because triphosphonucleotides
usually form complexes more readily and strongly than diphos
phonucleotides. Taqui Khan and Martell (37) have reported
that the divalent metal ion complexes of ATP have higher
stabilities than those of ADP and suggested that this is due
to the higher basicity and charge of the former as compared
to those of the latter. That ATP has more inhibitory effect
on CS than GTP and ITP raises a very intriguing question.
The main difference between ATP and GTP or ITP is the amino
group at position 6 of the purine ring (see APPENDIX).
Taqui Khan and Martell (37)* Cohn and Hughes (42) and others
(62) have suggested that metal ions complex ATP and ADP at
the site of the polyphosphate chain and that there is no in
volvement with the adenine ring as shown by the laek of
change in the chemical shift observed for the ring hydrogens
in NMR spectra. There is* however* the possibility that this
amino group of ATP might have a slight interaction with the
GS with the result that adenosine phosphates are more inhi
bitory than guanosine phosphates and inosine phosphates.
Further studies of the nature of complex formation of these
inhibitors with metal ions and also with the enzyme will an
swer this question. They will also give us a clearer pic
ture of both the enzymic reaction and the inhibition of the
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enzyme.
3)

Effect of Divalent Metal Ions on the Inhibition of
Polyphosphonucleotides and Polyphosphate Derivatives
on Citrate Synthase

We have reported (59) that divalent metal ions
(Mh++, Hg++ and Ca++) at low concentrations reduce the in
hibition caused by triphosphonucleotides and palmitoyl-CoA
on CS. Further investigations in our laboratory show that
magnesium ions at low concentrations exert a similar effect
on the inhibition caused by NAD, NADH, WAD?, NADPH, CoA andi
inorganic pyrophosphates. The metal ions are thought to
reduce the inhibition by chelating with the inhibitors at
the polyphosphate site, thus making them unsuitable as in
hibitors. Our observations that magnesium ions reduce the
inhibition of triphosphonucleotides, palmitoyl-CoA, CoA and
pyrophosphate on glucose-6-phosphate dehydrogenase (see. Part
II of this DISSERTATION) give further support to this pro
posal. These results make it more obvious that the binding
between the polyphosphate chain of the acetyl-CoA molecule
and CS is essential for the enzymic reaction.
Our observation that maximum reversibility of the
inhibition by metal ions is observed when the concentrations
of the metal ions and the concentrations of inhibitors used
have approximately a ratio of 1:1 is intriguing. Taqui Khan
and Martell (37) have reported that metal ions chelate with
ATP and ADP in a 1:1 ratio. In biological systems, it has
been reported that the concentration of magnesium required
for inorganic pyrophosphatase for maximum activity is equal
to the concentration of pyrophosphate (63,64,65). Lardy (66)
has also reported that the phosphokinases, as a group, appear
to be characterized by pH optima which lie in the regions
from 7-9 and by exhibiting greatest activity when the rela
tive concentration of Mg++ and ATP are unity or close to
unity. Biological significance of the effect of divalent
metal ions on the inhibition of nucleotides on CS will be
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discussed in Section B*
B.

CITRATE SYNTHASE AND METABOLIC CONTROL

The investigation of intracellular regulatory me
chanisms has drawn the attention of many workers recently
(27,67)* Atkinson (27) particularly emphasizes the impor
tance of adenylates as regulatory effectors* Regeneration
of ATP is one of the major components of both oxidative and
fermentative metabolism* Since the concentrations of AMP
and ATP are inversely related in the intact cell, stimula
tion by AMP is thought to correspond in metabolic terns to
negative feedback by ATP (27,68)* A number of recent obser
vations suggest that both inhibition by ATP and stimulation
by AMP on enzyme systems might play important roles in the
regulation of energy metabolism. Inhibition of rabbit mus
cle phosphofructokinase by ATP had been reported by Lardy
and Park (69) and by Passonneau and Lowry (70) while the
stimulation of AMP on that enzyme had been reported by other
workers (71,72,73)*

Ehe significance of the effects of ATP

and AMP on phosphofructokinase in control of glycolysis and
its relation to the Pasteur effect hast; been emphasized (68,
69,74)* Weinhouse and ooworkers (74) reported and suggested
that the inhibition of ATP, ADP and AMP on aldolase (keto-1phosphate aldehydelyase) (EC 4*1*2*7) from rabbit muscle and
rabbit liver is another effective control point of glycoly
sis in muscle and liver* Atkinson and Hathaway (68) follow
ed with a report that AMP is required for activity of yeast
isocitrate dehydrogenase. They (68) suggested that modula
tion of the kinetic behaviour of NAD-speeific isocitrate
dehydrogenase by AMP is part of a complex control system by
which the utilization of acetyl-CoA for fat production is
regulated in response to the momentary energy needs of the
cell* Umbarger (67) in his review on intracellular regula
tory mechanisms suggested that the operation of an entire
sequence of enzymes may be controlled by the activity of the
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initial enzyme which contains a specific inhibitor site*
When this site is combined with the end-product of the se
quence, the catalytic site is rendered inactive* Atkinson
(5) proposed that competition for compounds that occupy
'branch point positions' in metabolism is the main factor
of metabolic regulation* Acetyl-CoA is such a branch point
metabolite because it is simultaneously the substrate for
enzymes that catalyze the initial reactions in several me
tabolic pathways* Utter (75) has shown that the level of
acetyl-CoA controls the production of OAA from pyruvate.
Acetyl-CoA thus plays a role in the control of gluconeogenesis* Acetyl-CoA condenses with OAA to form citrate in
the presence of OS* The biological importance of citrate
has been thoroughly reviewed by Srere (16)* In fatty acid
synthesis, citrate is thought (16) to have the following
functions* 1) as an activator of aeetyl-CoA carboxylase (11,
12); 2) as a source of reducing power; and 3) as a carbon
source mediated through ATP citrate lyase (EC 4*l*3*a)« It
has also been suggested that citrate might play an important
role in the transfer of acetyl groups aeross the mitochon
drial membrance into cytoplasm (16,18)* A very important
role played by acetyl-CoA, however, is its control of energy
metabolism between immediate oxidation and storage as fat*
This control involves the regulation of the relative amount
of the compound a) to enter the tricarboxylic acid cycle
and be oxidized for the regeneration of ATP and b) to be
converted to storage fat* The inhibition of CS by adenosine
phosphates (5,6,7) and by palmitoyl-CoA (1,24) are suggested
to be feedback mechanisms involved in this complex control
system*
Observations that palmitoyl-CoA in vitro inhibits
acetyl-CoA carboxylase (11,12), fatty acid synthetase (8,10),
and G-6-PDH (13,14) suggest that palmitoyl-CoA might function
as a 'feedback regulator* in fatty acid synthesis* The
inhibition of palmitoyl-CoA on CS has been interpreted (2,
4) to support this proposal due to the following reason*
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The inhibition of CS by palmitoyl-CoA will lead to a de
creased level of citrate which is essential for fatty acid
synthesis ( 11,12,77}78,79).
A few observations from experiments in vivo* how
ever, show that increased palmitoyl-CoA levels are associ
ated with increased citrate levels (23*24*25r26)* I* has
also been reported (76) that decrease of citrate level in
the liver caused by fasting was not of sufficient magnitude
to account for the depressed hepatic lipogenesis. Based
on these observations and his studies on the molar ratio
of the enzyme and palmitoyl-CoA (at a concentration of
palmitoyl-CoA that exhibits inhibition), Srere (3) suggested
that the mechanism proposed for palmitoyl-CoA to be a 'feed
back regulator' in fatty aoid synthesis is not a physiologi
cally operative control mechanism* Taketa et al. (14) have
recently reported that palmitoyl-CoA is rather a general and
potent inhibitor of many enzymes of diverse metabolic func
tions some of which have no known direct relation to fatty
acid synthesis (e*g*, sialic dehydrogenase). They suggested
that palmitoyl-CoA cannot be functioning as a specific ne
gative feedback inhibitor and that the physiological func
tion of palmitoyl-CoA in the regulation of fatty acid syn
thesis and metabolism in general must be viewed with consi
derable reservation*
The observed effeet; of adenosine phosphates on CS
has been interpreted by some workers (5,6,7) to be part of
a complex control system which regulates the relative amount
of acetyl-CoA a) to enter the tricarboxylic acid cycle and
be oxidized for the
ed to storage fat.
that the AMP effect
a regulation of the

regeneration of ATP and b) to be convert
Atkinson and Hathaway have (68) suggested
on isocitrate dehydrogenase may provide
tricarboxylic acid cycle in response to

metabolic demand for adenosine triphosphate*

An increase in

AMP concentration has the effeet of decreasing the concen
tration of isocitrate needed to saturate the HAD-linked
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isocitrate dehydrogenase (68).

If the NAD-and UADP-speci-

fic dehydrogenases compete for the same pool of isocitrate,
any excessive energy drain, by decreasing the concentration
of ATP and increasing that of AMP, will favor the MAP-spe
cific enzyme* Thus the electrons would be funneled into
electron transfer phosphorylation rather than biosynthetic
reductions. Under conditions of energy saturation, with
the concentration of ATP at a high level and that of AMP at
a low level, the metabolism of 6-carbon acids by means of
tricarboxylic acid cycle will be depressed by the decreased
effective affinity of isocitrate dehydrogenase for its sub
strate* Isocitrate and especially citrate will accumulate,
stimulating fatty acid synthesis by activation of aeetylCoA carboxylase (11,12,77,78). Under these conditions,
acetyl-CoA will be stored as fat. The effect of adenosine
phosphates on CS has been suggested to supplement this in
direct control of fatty acid production by the Atkinson
group (5)* They reasoned (5) that a high ATP/AMP ratio will
lead to a low apparent affinity of OS for acetyl-CoA, thus
decreasing the tendency for acetyl-CoA to enter the tricar
boxylic acid cycle* If the ratio of ATP to AMP decreases,
a progressively larger portion of the acetyl-CoA will be
directed into the tricarboxylic acid cycle, thus increasing
the rate of regeneration of ATP. While this complex control
mechanism considered in vitro may be plausible and is strong
ly emphasized by some workers, a few aspects of this mechani
sm, however, need more careful consideration. At a high
ratio of ATP/AMP, CS is inhibited. This will lead to a de
crease of eitrate formation. The level of citrate will then
be low though it might be compensated by a slow drain of isocitrate under this condition (the
of isocitrate dehydro
genase is high at low concentration of AMP). Since citrate
is essential for fatty acid synthesis (11,12,77*78,79), a
decreased citrate level would defer a fatty acid synthesis.
This reasoning and observations from experiments in vivo
that increased fatty acid levels are associated with
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increased citrate- levels (23>24,25*26) make the proposed
complex control mechanism that palmitoyl-CoA and adenosine
phosphates act as 'feedback regulators'questionable. Also,
straightforward kinetic treatment of observations from ex
periments in vitro leading to the calculation of rate con
stants in terms of one or two components under some speci
fied conditions (i.e., with other concentrations fixed at
arbitrary levels) is of dubious significance. Generally,
a kinetic picture from observations in vitro depends wholly
on the initial assay conditions. For example, completely
different but equally self-consistent and valid sets of
values were found for the effect of AMP on phosphofructo
kinase depending on the concentrations of the various sub
strates (fruetose-6-P, ATP and Mg++) used (68). AMP was
found to be a positive-effeetor on yeast phosphofructoki
nase at low concentrations of fructose-6-phosphate and Mg++,
and at high concentrations of ATP. At high concentrations
of fructose-6-phosphate and Mg++, and at low concentrations
of ATP, AMP behaved as a negative-effector. It has also
been observed that inhibition of a certain enzyme from dif
ferent sources can be brought about by different nucleotides.
Guinea pig heart phosphofructokinase was reported (71) to be
activated by cyclic 3'-5'-AMP, inorganic phosphate as well
as A3XP. Plaut and Chen (79) reported that HAD-linked iso
citrate dehydrogenase from bovine heart is inhibited by ATP,
adenosine diphosphate ribose as well as HADH. Veinhouse
et al. (74) demonstrated that the effects of adenosine phos
phates on rabbit muscle aldolase are different from those on
rabbit liver aldolase. The inhibition of adenosine phos
phates on rabbit muscle aldolase is in the order ATP > ADP >
AMP; while that on rabbit liver aldolase is in the order
AMP>ADP>ATP. They reasoned (74) that the marked differ
ences between the liver and muscle aldolases in their re
sponse to ATP and AMP may be related to differences in the
functions of these tissues. In muscle, where the primary
function is contraction, glycolysis in excess of the need
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of ATP is wasteful* liver utilizes the ATP produced by gly
colysis and respiration for a number of biosynthetic pro
cesses with release of AMP* The inhibition of liver aldo
lase by AMP might provide a feedback mechanism by a product
for control of the level of ATP* Metabolic control at the
molecular level is a very complicated and challenging prob
lem* Biological systems in vivo are exceptionally complex*
A particular system under investigation may differ greatly
from tissue to tissue and from species to species* Inves
tigators often face the danger of choosing model systems
that are too simple to advance our understanding* To under
stand cellular metabolism, we must continually search for
model systems the complexity of which approaches as closely
as possible that of the cell*
Enzymes, as studied in vitro* are strongly influ
enced by changes in pH, and by the concentrations of various
metal ions* Our observations that metal ions inhibit CS and
that metal ions relieve the inhibition of ATP, palmitoyl-CoA
and other inhibitors on this key enzyme in the metabolism of
fat and carbohydrate are significant in the light of cellu
lar metabolic control* The concentrations of the metal ions
used for our observations are within physiological range (80,
81), and at these concentrations they relieve both ATP and
palmitoyl-CoA inhibition* We tend to think it irrelevant,
however, to speculate whether our observations are physio
logically significant because no information is yet avail
able concerning the real localized intracellular concentra
tions of the substrates, inhibitors, and metal ions at the
site of CS*
Little is actually known regarding the intracellu
lar control of nucleotides or coenzyme concentrations* Ani
mal tissues with active metabolism contain more nucleotides
or coenzymes, than do less active tissues (82,83)* Ribofla
vin, nicotinic acid, and pyridoxine content varied consider
ably in a yeast, depending on the nitrogen supply (84)* Adeno
sine phosphates and pyridine nucleotides varied three to
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fivefold on adaptation to galactose (85).
destroyed in vivo (86)*

Coenzymes can be

Enzymes are known whose only func

tion appears to be destruction of coenzymes (87)* Whether
these enzymes play some regulatory role is not known. It
is, however, a well known fact that metal ions and coenzymes
are essential for enzymie activities. The release and bind
ing of metal ions is of great importance in a great number
of physiological systems (83). Our finding that metal ions
chelate with nucleotides and thus limit their metabolic
functions demonstrates how ingenious and complicated biologi
cal systems work. Chelation of metal ions with nucleotides
might limit some functions of the metal ions. It is suggest'
ed that chelation between metal ions and nucleotides might
even play a. role in the intracellular control, of concentra
tions of active nucleotides and active metal ions.
Our observation that metal ions reduce the inhi
bition of various nucleotides on yeast G-6-PDH (see Part II
of this DISSERTATION) demonstrates again the importance of
the interplay between metal ions and nucleotides in biolo
gical systems.
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EFFECT OF MAGNESIUM IONS ON NUCLEOTIDE
INHIBITION OF
YEAST GLUC OSE-6-PHOSPHATE DEHYDROGENASE
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CHAPTER I
INTROPGCTIOH
Glucose-6-phosphate dehydrogenase , also known as
Zwisohenferment. catalyzes the oxidation of G-6 -P to the cor
responding lactone (Equation vii) (88 ).
G-6-P + RAPP 5= = *
6-phospho-£-gluconolactone + NADPH + H+

(vii)

Subsequent hydrolysis of 6-phospho-^-gluconolactone to 6-phosphoglueonate is catalyzed by lactonase (89). G-6-PPH is
widely distributed throughout the animal and vegetable king
doms (90, 91, 92, 93 ).

Quantitative distribution of the en

zyme in animal tissues has been reported (94). The enzyme is
localized exclusively in the soluble fraction of tissue homogenates (95). Partially purified G-6-PDH has been obtained
from a variety of sources, including yeast, molds, bacteria,
mammalian erythrocytes, liver, adrenal tissue, and mammary
glands (96). The classical enzyme from brewer's yeast was
isolated in crystalline form by Kuby et al. (97). A crystal
line preparation of the enzyme from the bovine mammary gland
was also reported by Reithel and associates (98). Several
kinetic properties of the G-6-PPH from various sources have
been compiled by Glock (99) and Euby (96). The enzyme from
yeast had been presumed to be RAPP-specific (100) while G-6 -PPH
from other sources utilize RAPP as well as RAP. A rather wide
spread range exists in the reported values for the Michaelis
constants of the enzyme obtained from yeast. Both activation
and inhibition on the yeast enzyme have been reported for
MgCl2 depending on the concentrations (101). No conclusive
evidence has been presented for the requirement of any spe
cific metal activator for the reaction.

94
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A great number of compounds hare been reported as
inhibitors on yeast G-6-PDH. Theorell's classical experiment
(102 ) on the inhibition by orthophosphate and its reversal
by NADP (i.e., the competitive nature of the phosphate inhi
bition) has been confirmed by Glaser and Brown (101) and
other workers (103). The competitive inhibition of the pro
duct NADPH with respect to NADP has also been demonstrated
(101,102,103,104). Other inhibitors on the yeast enzyme re
ported are D-glucosamine-6-P (competitive with NADP) (101),
sulphanilamide (105,106), folic acid, aminopte^fn
, me+hRo-*1
trexate, phenanthroline (107), steroids (108) and related
compounds (109). Very recently, Eger-Neufeldt (13) demon
strated that yeast G-6-PDH is highly -jsgnsitive to the inhi
bitory effects of long chain acyl-CoA. The inhibition is
competitive with G-6-P. Taketa et al. (14) followed with a
report that palmitoyl-CoA inhibits the yeast enzyme. The in
hibition was strictly competitive and reversible with respect
to G-6-P and of the mixed type with respect to NADP. Lowry
et al. (103) recently confirmed the inhibition of Pi and
NADPH on the enzyme. They also reported the inhibition of
the enzyme by sulphate and ATP.
G-6-PDH is the first step in the pentose phosphate
cycle, and thus competes with the glycolytic pathway for
their common substrate, G-6-P. G-6-PDH, therefore, may
exercise a key role in the control of carbohydrate metabolism.
Together with the phosphoglucose isomerase, it will deter**
mine whether G-6-P is channeled through the Embden-Meyerhof
pathway of glycolysis or through the pentose phosphate cycle.
Another main function of the enzyme, is probably to provide
NALPH for various synthetic reactions. In Part I of this
DISSERTATION, the effects of divalent metal ions on the inhi
bition of various nucleotides and palmitoyl-CoA on CS are
reported and discussed. We have also investigated in this
laboratory the effect of Mg++ on the inhibition of various
nucleotides and palmitoyl-CoA on yeast G-6-PDH. The exper
imental results are reported and discussed here.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER II
A. EXPERIMENTAL
1)

Materials

The following materials were commercial prepara
tions: AMP and cyclic 3'»5'*-AMP (Calbiochem); ATP, ALP, ITP,
ILP, NALP, PPi, and the sodium salt of G-6 -P (Sigma); GTP
and GDP (P-L Biochemicals); CoA (Boehringer); MgCl2 .4H 2 0 ,
NH 4 CI, KC1, K 2HPO4 and KH 2PO 4 (reagent grade). Tris was pri
mary standard grade.
Palmitoyl-CoA was synthesized by reaction of palmitoyl chloride with CoA (34). Purified yeast G-6-PDH was a
commercial preparation (Boehringer).
2)

Enz.vme Assays

G-6 -PDH was assayed spectrophotometrically by
following NADP reduction at 340 mga in a system containing
Tris-acetate buffer at pH 7.6, G-6-P, NADP, ± MgCl2 and ±
inhibitors. The system was incubated for 1-2 minutes at 25° C
and the reaction was initiated by the addition of the enzyme.
Cold deionized water was used for the dilution of the enzyme.
The temperature of all the reactions was kept at 25.0 ± 0.2° C
by circulating water of that temperature around the cell
chamber of the spectrophotometer. Rates of reaction were
followed on the Gilford Instrument model 2000 absorbance
recorder (Beckman monochromator) for 1-2 minutes. Under our
experimental conditions, the absorbance increased linearly
with time for at least the first two minutes of the reaction.
The rates of increase of absorbance (&0.D./min.) between
15 seconds and one minute after the start of the reaction
are used to calculate the enzyme activity. The initial rates
(Vo) are expressed as micromoles of substrate utilized per
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minute. The values are obtained from conversion of changes
in absorbance per minute. Molar absorbance of NADPH used was
6220.
B.

RESULTS

Observations in Fig. 30 demonstrate that yeast
G-6-PDH is activated by low concentrations of magnesium
ions. Magnesium ions at high concentrations, however, exhi
bit an inhibition of the enzyme (Fig. 33 > upper curve). ATP
at concentrations 5-10 times that of substrates inhibit the
enzyme. The inhibition is reduced at low concentrations of
magnesium ions (Fig. 30, see also Table II).
Other triphosphonucleotides and diphosphonucleotides (GTP, ITP, ADP, GDP, and IDP), palmitoyl-CoA, CoA and
PPi do also inhibit the activity of the enzyme (Fig. 31>
Fig. 32, and Fig. 33; see also Table II). Magnesium ions at
low concentrations do also reduce the inhibition (Fig. 31,
Fig. 32 and Fig. 33; see also Table II).'
The observed effects of magnesium ions are not due
to the ionic strength effeet of the metal ions on the systems
studied. Tris-acetate buffer, when used at concentrations
approximately 4 times (NH4CI, 3 times) that of magnesium
ions, did not show the same inhibitory effect observed for
magnesium ions (Fig. 34). KC1 or NaCl were not used for the
illustration of the effect of ionic strength because both K+
and Na+ activate the enzymic reaction (60).
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Pig. 30.

Effect of Mg++ on the inhibi

tion of ATP on yeast G-6-PEH.
procedure was used.

The standard assay

Each cuvette (1.0 cm light

path) contained 0.1 M Tris-acetate buffer at pH
7.6, 0.5 mM G-6-P, 0.1 mM NADP, ATP and MgCl2 as
indicated, 0.12 ug of G-6-PEH and water to make
the final volume 1.0 ml.
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Pig. 31 •

Effect of Mg'4"4, on the inhibi

tion of various nucleotides on yeast G-6-PDH.
standard assay procedure was used.

The

Each cuvette

(leO cm light path) contained 0.1 M Tris-acetate
buffer at pH 7.6, 0.3 mM G-6-P, 0.2 mM NADP, 1 mM
of various nucleotides and MgCl2 as indicated, 0.12
;ug of G-6-PDH and water to mahe the final volume
1.0 ml.
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FIGURE 31
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Pig* 32.

Effect of Mg++ on the inhibi

tion of palmitoyl-CoA on yeast G-6-PDH.
dard assay procedure was used.

The stan

Each cuvette (1.0

cm light path) contained 0.1 M Tris-acetate buffer
at pH 7.6, 0.3 mM G- 6-P, 0.1 mM NADP, palmitoylCoA and MgCl2 as indicated, 0.12 jag of G- 6-PBH
and water to make the final volume 1.0 ml.
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Pig. 33 •

Effect of Mg++ on the inhibi

tion of CoA and P H on yeast G— 6-PIH.
dard assay procedure was used.

The stan

Each cuvette (l.O

cm light path) contained 0,#2M Tris-acetate buffer
at pH 7.6, 0.3 mM G-6-P, 0.1 mM NADP, MgCl2 , CoA
and PPi as indicated, 0.2 jag of G-6-PDH and water
to make the final volume 1.0 ml.
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TABliE II
Effeet of Mg++ on the Inhibition of Various Inhibitors of
G-6-PDH

Relative Rate (%)
Concentration of
Concentration of Mg++
Inhibitors
Expt ♦
No.
a

b

e

a,b,c

0 mM
None

5 mM

10 mM

20 mM

100

100

100

100

1 mM ATP

67

93

95

98

2 mM ATP

44

m►

67(

72

100

100

100

100

1 mM ATP

66

89

96

99

1 mM GTP

54

75

82

95

1 mM ITP

82

97

-

•

1 mM ADP

78

95

99

-

1 mM GPP

70

80

95

-

1 mM IPP

88

97

-

-

100

100

100

100

2.68 /UM palmitoyl-CoA

64

78

93

96

5.36 ;uM palmitoyl-CoA

37

72

89

93

None

None

For experimental conditions) see legends for Fig. 30,
Fig. 3l) and Fig. 32 respectively.
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Fig . 34.

Effects of Mg++, NH 4 CI and

Tris-acetate buffer on the inhibition of ATP on
yeast G-6-PEH.
used.

The standard assay procedure was

Each cuvette (1.0 cm light path) contained

0.2 M Tris-acetate buffer at pH 7.6, 0.3 mM G-6-P,
0.1 mM NADP, MgCl2 , ATP and additional amount of
Tris-acetate buffer at pH 7.6 as indicated, 0.2 ng
of G-6-PDH and water to make the final volume 1.0
ml.
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CHAPTER III

Discussion
A great number of compounds have been reported as
inhibitors of yeast G-6-PDH. Some of these inhibitors are:
orthophosphate (101,102,103), NADPH (101,102,103,104), glu
cosamine-6-? (101 ), sulphanilamide (105 ,106 ), folic acid,
aminopterm , methotrexate, phenanthroline (107 ), steroids
(108) and related compounds (109)* Very recently, EgerNeufeudt (13) reported that yeast G-6-PDH is inhibited by
long chain acyl-CoA. Taketa et al. (14) independently re
reported the inhibition of the yeast enzyme by palmitoylCoAw The inhibition of long chain acyl-CoA (13) as well as
that of palmitoyl-CoA (14) is competitive and reversible
with respect to G— 6 -P and of the mixed type with respect to
NADP. Lowry et al. (103) also reported recently the inhibi
tion of sulphate,ATP and NADPH on the yeast enzyme. Inhibi
tion due to ATP and NADPH was reported (103) to be competi
tive with both G-6-P and NADP.
Our observations confirm the inhibition of ATP and
palmitoyl-CoA on yeast G-6-PDH. Other nucleotides (GTP, ITP,
AD?, GDP and IDP) as well as CoA and PPi were also found to
exhibit inhibition on the yeast enzyme. The inhibition of
these compounds can be due to one of the following possibili
ties: 1 ) inhibitors may bind with a second site on the en
zyme producing an allosteric type of interaction; and 2 ) in
hibitors may compete with either one (or both) of the sub
strates for the same active site (or sites) on the enzyme.
An examination of the structure of the inhibitors studied
(ATP, GTP, ITP, ADP, GDP, IDP, palmitoyl-CoA, CoA, PPi as
well as NADPH) show that they have the phosphate moiety in
common with the substrates (see APPENDIX).

The explanation
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that these inhibitors compete with one (or both) of the sub
strates for the same active site (or sites) on the enzyme
and thus cause the inhibition would be more attractive, al
though the possibility that these inhibitors might bind with
a second site on the enzyme producing an allosteric type of
interaction cannot be eliminated. Further investigations are
required before we can present a clear picture of the nature
and mechanism of the inhibition caused by these compounds.
Magnesium ions at low concentration activate the
enzyme while at higher concentrations they exhibit an inhi
bition. We hesitate to speculate about the functions of mag
nesium ions in the enzymic reaction on the basis of a single
set of kinetic data* Magnesium ions, at low concentrations,
were found to reduce the inhibition of the compounds stu
died (ATP, GTP, ITP, ADP, IDP, palmitoyl-CoA and PPi). We
suggest that a mechanism similar to that cited previously
to explain the effect of metal ions to reduce the inhibition
of phosphonucleotides, palmitoyl-CoA and other compounds on
CS (see Part I of this DISSERTATION) is applicable here.
Magnesium ions chelate with the inhibitors studied here at
the polyphosphate chain, thus making them unsuitable
to compete for binding with one of the substrates (most
likely JTADP in this case) or: both of the substrates (NADP as
well as glucose-6-P) for the same active site (or sites) on
the enzyme.
Observations that magnesium ions reduce the inhi
bition of the compounds studied on G-6-PDH give direct sup
port to the mechanism we propose for the metal ions effect
on the inhibition of similar compounds on CS. Results ob
tained here further demonstrate that the interaction of metal
ions and nucleotides plays a very important role in meta
bolic control*
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CHAPTER I
INTRODUCTION
A.

METABOLIC FUNCTION OF OAA

The importance of acetyl-CoA (75) and citrate (16)
in the metabolism of carbohydrate, fat and protein has been
discussed by several authors. Also important in the meta
bolism of these substances is OAA which is often considered
as the compound to *spark* the tricarboxylic acid cycle.
The following are some of the spontaneous and enzymic re
actions of OAA that are involved in metabolism! 1) ketolization and enolization (127) ? 2 ) condensation with acetylCoA in the presence of CS with the formation of citrate (31)?
3 ) transamination (128) ? 4 ) reduction to malate in the pre
sence of MDH (129 >130)? 5) decarboxylation to CO2 and pyru
vate (see Equation No. viii).
The main roles of OAA in the control of the meta
bolism of carbohydrate> fat and protein are as follows (l8 ,

,,

120 121 122)1
1) It is a catalyst in the tricarboxylic acid
cycle for the oxidation of acetate (bound to CoA) derived
from the catabolism of fat and carbohydrate to the final
product 002 * Here OAA reacts with acetyl-CoA to form ci
trate with the result that two carboxyl groups are oxidized
to two molecules of CO2 with the production of ATP and the
regeneration of OAA.
2) It is an indirect catalyst in the synthesis of
fat from carbohydrate. OAA reacts with acetyl-CoA to form
citrate in the presence of CS. The role of citrate in fat
ty acid synthesis has been discussed in Part I of this
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DISSERTATION.

Extramitochondrially, the movement of citrate

or products of citrate metabolism out of the mitochondria
allows for a transfer of acetyl-CoA without a net flux of
the coenzyme (16,18). Reducing power is also made avail
able to the cytoplasm for fat synthesis without a net move
ment of pyridine nucleotides (16,18,23)***
3)
OAA is an important intermediate in the pro
cesses of protein catabolism and glueoneogenesis (121 ).
One of the important
in mammals and birds
supply of glucose in
blood tissues. This

functions of liver and kidney tissue
is to provide a constantly available
the blood for the nourishment of other
glucose may be supplied from dietary

carbohydrate which has been stored in the form of liver gly
cogen or from a variety of carbohydrate and amino acids
which are degraded by liver and kidney to give 3- and 4carbon fragments that serve as precursors for carbohydrate
synthesis. The latter process is known as glueoneogenesis*
It is an especially active process during periods of heavy
muscular exercises when lactate is transported from muscles
to the liver where it is converted to glucose* It occurs
also at an increased rate during fasting, in the diabetie,
and following the administration of glucocorticoids. Under
these circumstances proteins of muscles and glandular tis
sues are not synthesized at noxmal rates* The amino acids
liberated from these tissues are degraded by liver to keto
acids which in turn can be converted to carbohydrates (121 ).
Those amino acids which yield the dicarboxylic acids OAA
and o<-ketoglutarate on transamination may be converted to
PEP by PEPCK. pyruvate yielded from other amino acids is
oarboxylated to OAA by pyruvate carboxylase (122,123,124,
126). The OAA can in turn be converted to PEP for glycogen
formation*
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B.

DECARBOXYLATION 0? OAA

The decarboxylation of OAA can generally occur in
three ways:
1)

OAA has been shown to decompose to yields py

ruvate and C©2 spontaneously (131>132f133) (Equation JTo« viii).
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Steinberger and Westheiaer (137) demonstrated that the keto
form of OAA decarboxylates by using y:-*-dimethyl substituted
OAA, in which only the keto fora can exist* The fact that
the keto fora of the monoanion of OAA is the predominant
species leading to decarboxylation has also been confirmed
by other workers (138 )*
2)

The spontaneous decarboxylation of OAA is cata

lyzed by a variety of multivalent cations (134 »135 >136 ,138 ,
139»140,141*142). The mechanism proposed for the decarboxy
lation catalyzed by metal ions is the formation of a chelate
and is illustrated by the following equation (ix) (138 ).*
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The metal ion with the positive charge assists
the transfer of an electron pair initially associated with
the carboxylate ion group to the rest of the molecule and
thus catalyzes the decarboxylation* In fact, the higher
the charge and the more readily the metal coordinates with
the carbonyl group, the greater the catalytic activity of
that ion (137).
3)

OAA is also deearboxylated enzymatically (143»

144)* A number of enzymes which exhibit a catalytic effect
on the decarboxylation have been isolated from bacteria,
plant and animal tissues. Vestheimer (144) proposed that
the protein part of the enzyme has two functions: 1 ) to im
part specificity with respect to substrate and the enzyme
system; 2 ) to complex the metal ion in such a way to enhance
its activity*
Each of these enzymes, therefore, has its own
characteristic properties such as a requirement for a speci
fic nucleotide, a specific metal ion or a specific cofactor
for activity. Enzymes catalyzing decarboxylation of OAA or
a carboxylation reaction leading to the formation of OAA are
termed OAA carboxylases (145) •
C.

OAA CARBOXYLASES

OAA carboxylases are generally subclassified into
five groups (145 ,146 ).
1) OAA decarboxylase (EC 4.1.1.3) (147)
OAA
decarboxylase catalyzes the decarboxylation of OAA to py
ruvate and CO2 (Equation No* x).
OAA — iMlll— > pyruvate + CO2

(x)

This enzyme was first reported in Micrococcus lysodeikticus
by Krampitz and Werkman (148)* Since then similar enzymes
have been reported in other bacterial species (149,150,151>
152 ,153 >154 )» plants (155,156) and in rat liver mitochondria
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(157)• This enzyme is nucleotide-independent. A divalent
metal ion, however, is required for activity, with Mn++,
Cd++ and 0o++ the most effective (153)*
2) PEP carboxylase (EC 4*1.1*31) (orthophosphate:
OAA carboxylase (phosphorylating)) — PEP carboxylase cata
lyzes the following reaction (Equation No* xi)«
OAA + orthophosphate

PEP + C0 2 + Hg0

(xi)

This enzyme, first demonstrated in spinach leaves by Bandurski and Greiner (158), is now known to be present in
other leafy plants (159), wheat germ (160) and bacteria
(161,162,163,164). Mg++, M 1++ and Cd++ are all able to
activate the enzyme (159). The reaction is nucleotide in
dependent and is irreversible (165 ).
3) PEP carboxykinase (EC 4»1*1«32) (GTPjOAA car
boxylase (transphosphorylating))
PEPCE, which catalyzes
the following reaction (Equation No. xii),
PEP + IDP(GDP) + C02

OAA + ITP(GDP)

(xii)

was first detected in avian liver (166) and has since been
shown to occur in animal tissues in liver and kidney (167),
in mammalian brain (168), in invertebrates (169 ), in wheat
germ (160,170), yeast (171,172,173,174), and bacteria (161,
175,176). It has been proposed that this enzyme plays a
role in the synthesis of PEP from pyruvate in glycogen syn
thesis (177,178). PBPCK has been purified from the mito
chondria of pigeon liver (179), chicken liver (180), guinea
pig liver (181), rabbit liver (182), rat liver (181) lamb
liver (183), pig liver (184,185) and from yeast (171,172,
173,174). This enzyme has also been found to be present
in other subcellular components of liver cells* The patterns
of distribution of the enzyme in subcellular components of
liver from various mammalian species has been investigated
(181)*

The animal enzyme requires inosine or guanosine
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polyphosphates for activity (180 ,183 ), whereas the yeast
enzyme uses only adenosine derivatives (171 *172 ,173 ,174 )•
The animal enzyme cannot use acetone, pyruvate, b<-ketoglutarate, or acetoacetate in place of PEP (183). The puri
fied animal enzyme is inhibited by pnaercuribenzoate and
protected by -SH compounds (166). It requires Mg++ or
Ma++ for activity* The metal requirements have been in
vestigated for the pigeon liver enzyme (179)*
4)

Pyruvate carboxylase (EC 6.4.1*1«) (Pyruvate

OO2 ligase (ADP))— This enzyme, which catalyzes the fozv
mation of OAA from pyruvate and CO2 in the presence of ATP,
Mg++ and acetyl-CoA (Equation Ho. xiii),
Mg++
ATP + pyruvate + COg ^
acetyl-CoA

ADP + Pi + OAA

(xiii)

has been isolated and partially purified from avian liver
(186). This enzyme is also present in the liver of frog,
ox and rabbit and has been observed in rabbit brain and
kidney (187) and in Ghromatium (188). A similar enzyme,
which does not have any requirement for acetyl-CoA, has
been isolated from Aspergillus niger (189) and Pseudomonaa
citronellolis (190)• Pyruvate carboxylase has also been
found in yeast (191,192) which is stimulated by either CoA
or its converted form, acetyl-CoA. Due to the close asso
ciation of pyruvate carboxylase and PEP carboxykinase with
in avian liver mitochondria, Utter (187 ) suggested that
these two enzymes may constitute a major pathway of PEP
synthesis from pyruvate in liver. The proposed pathway is
shown in Diagram IV along with the two routes (----) which
A
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have been previously suggested to account for PEP synthesis*
The reversal (193) of the pyruvate kinase reaction (A) can
account for PEP synthesis but it has also been suggested
that a dicarboxylie acid shuttle involving malate enzyme
(B), 1QM (C), and PEPCK (D) could provide an alternative
route (177, 178)* The new pathway proposed here constitutes
an abbreviated dicarboxylie acid shuttle involving only two
reactions (E and D). Physiological significance of these
proposed metabolic pathways will be discussed in Chapter III
(see DISCUSSION).
5)
PEP carboxytransphosphorylase (EC 4.1.1.e)
(pyrophosphates OAA carboxylase (phosphorylating))— Another
enzyme that catalyzes the carboxylation and decarboxylation
of OAA (Equation No* xiv),
PEP + C0 2 + PI

Mg++ or M q ++
—

OAA + PPi

(xiv)

has been discovered in P* shermanii (194*195)• The reaction
is reversible and inorganic orthophosphate is required* The
reaction requires PEP, C02, Pi, and Mg++ Mn44 can replace Mg44 in
the reaction* Arsenate can replaee Pi. However, Pi cannot
be substituted by PPi, GDP, IDP, ADP or UDP. Pyruvate and
ATP cannot replace PEP in the reaction* The optinum pH of
the reaction is approximately
High levels of Pi or PPi
inhibit the formation of OAA. PEP carboxytransphosphorylase
is not a biotin enzyme and is not inhibited by avidin* The
formation of PEP from PPi and OAA by this enzyme appears to
be the first example of PPi serving as a source of high
energy phosphate.

D.

BEEP LIVER PEP CARBOXYKINASE

Martially purified PEPCK from beef liver mitochondria
has been prepared in our laboratory. The effects of pH,
temperature, substrate concentrations and various nucleotides
on this enzyme have been investigated for the carboxylation
and decarboxylation reactions.
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CHAPTER II
A.
1)

EXPERIMENTAL

Enzyme Assays

The rate of the carboxylation reaction was assay
ed in either of the following two procedures under conditions
given in the legends to the figures and tables.
(a)
Rates of OAA formation can be determined by
coupling the reaction with MLH (Equation No* i t ),
,

PEP + Hcoa- +

idpodp

;

MfT

OAA

V XTPCeTP)

(xv)

NADU
ihph

W A 1A T E

and measuring the oxidation of NALH at 340 mu spectrophotometrieally. The initial rates (Vo) are expressed as micro
moles of OAA formed per minute.
(b)

Rates of the carboxylation reaction can be

determined by measuring the amount of ,4*C-labelled bicarbo
nate incorporated. The reaction mixture contained buffer,
IDP, MnCl2 » ** C-labelled bicarbonate and PEP. The system
was incubated for 2-3 minutes at 25° C and the reaction was
initiated by the addition of PEPCK. The reaction was stop
ped at the end of 3 minutes by the addition of 1*0 ml of
2-4 dini trophenylhydrazine •HC1 (5 mg 2—4 dinit rophenylhydrazine per ml of 6N HC1). Carrier amount of OAA was add
ed. The mixtures were allowed to stand at room temperature
for 20 minutes and the protein was removed by centrifuga
tion. The protein and superoatent fractions were extracted
three or four times with 4*0 ml ethylaeetate. The ethylacetate fractions were combined, evaporated to dryness under
119
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a stream of air and the residue dissolred in a small amount
of ethylaeetate. An aliquot of the ethylaeetate extract
was plated directly on a metal planohets and counted in a
JBa>r~c! A't'omlc
gas flow counter with geiger gas* The initial rates (Vo) are expressed as micromoles of HCO3 incor
porated per minute. The values reported are the average
values of the HCO3 incorporated for the three minutes re
actions*
The rate of the decarboxylation reaction was as
sayed in either of the following two procedures under con
ditions given in the legends to the figures and tables*
(c) The rate of the decarboxylation reaction can
be determined by measuring the utilization of OAA spectrophotometrically by following the decrease in absorption at
260 mu* The initial rates (Vo) are expressed as micromoles
of OAA decarboxylated per minute*
(d)

The rate of the decarboxylation can also be

determined by measuring the amount of GO2 formed manometrically. The reaction mixture contained OAA, MnCl2 , ITP, buf
fer and enzyme* OAA was added from the sideaxm of a Warburg
flask after five minutes of incubation at 25° 0* At the end
of three minutes 0*1 ml of 111 H 2SO4 was tipped from a second
sidearm. The flask was shaken for an additional five minutes
to release all the dissolved CO2 before reading was taken*
The initial rates (Vo) are expressed as micromoles of CO2
formed per minute. The values reported are the average
values of the CO2 produced for the three minutes reactions.
All spectrophotometrie assays were carried out
with the Gilford Instrument model 2000 absorbance recorder
(Beekman monochromator). The reaction mixtures were incu
bated for 2-3 minutes at the desired temperatures and the
reactions were initiated with the addition of PEPCK. The
reaction temperatures ( ± 0*2° C) were kept at the tempera
tures indicated in the legends by a water cooled circulating
bath* Temperatures were measured at the end of each assay by
an immersion thexmister (Penwal Ho. GB 32P8) connected to a
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calibrated Wheatstone bridge circuit.

The rates of all the

reactions were followed for 2-3 minutes* Under our experi
mental conditions* the absorbance increased linearly with
time for at least two minutes after the start of the reac
tions with the addition of PEPCK. The rates of increase
of absorbance (AO*D./min) between 15 seconds and one minute
after the start of the reactions are used to calculate the
enzymic activity* The initial rates (Yo) are expressed as
micromoles of substrate utilized per minute. The values
are obtained from conversion of the changes in absorbance
per minute* Measurement of pH of each reaction mixture
was made at the end of the experiment with a Beckman model
G pH meter standardized with pH buffers. Protein concentra
tions were determined by the method of Warburg and Christian
(32).
2)

Definition of Units

One unit of enzymic activity is that amount of en
zyme catalyzing the formation of one micromole of OAA per
1.0 ml of reaotion mixture per minute under the defined con
ditions in the carboxylation reaction* and that amount of
enzyme catalyzing the decarboxylation of one micromole of
OAA per 1*5 ml of reaction mixture per minute under the de
fined conditions in the decarboxylation reaction at 25° C*
Specific activity is expressed as the mioromoles of sub
strate turned over per minute per mg of enzyme at 25° C*
The molar absorbance of 6220 was used for the reaction of
HAD and NADH changes* i.e.* one micromole of FADH gives an
absorption of 6*22 O.D. at 340 mu in a cell of 1*0 ml volume
and 1*0 cm light path. The molar absorbance of 1460 was
used for the reaction of decarboxylation of OAA* i.e.* one
micromole of OAA decarboxylated gives an absorption change
of 0.436 O.D* at 260 mu in a cell of 1*50 ml volume and 0*5
cm light path.
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Km (M) « the Michaelis constant which is the
slope/ intercept value taken from the Lineweaver-Burk plot
(- k n

ir> >

Vo * initial rate of the reaction.
3)

Enzyme Purification

All of the operations were conducted at approxi
mately 4° C unless otherwise specified. The results of each
purification step are summarized in Table III.
(a) Extraction -- Fresh beef liver obtained at
the slaughter house was paeked in ice and carried to the
laboratory where it was trimmed of fat and connective tis
sues and cut into ^-inches cubes. One hundred grams of the
tissue was weighed and placed in a cold Waring blendor con
taining 300 ml of 0.1 M Tris-acetate buffer of pH 7.4* The
mixture was homogenized for two minutes and spun at 700 x g
for 10 minutes. This removed unbroken cells, nuclei and cell
debris. The mitochondria were then separated from the super
natant fractions by centrifuging for 20 minutes at 3000 x g.
The mitochondria were suspended in a total volume of 300 ml
of 0.1 M Tris-acetate buffer at pH 7*4* The suspension was
divided into two portions (230 ml), placed in a Waring blen
dor and blended for eight periods of two minutes each during
one hour. The suspension of disrupted mitochondria was then
centrifuged for 30 minutes at 13000 x g.

The residue was

discarded and the supernatant fraction was used as the crude
extract.
(b) Ammonium Sulphate Fractionation —
24.2 gm
of ammonium sulphate were added to each 100 ml of the crude
extract and the mixture was stirred for 20 minutes.

The

precipitate was removed by centrifugation at 13000 x g for
20 minutes, 9.37 gm of ammonium sulphate was added to each
100 ml of the supernatant fluid and this mixture was stirred
for 20 minutes. The precipitate, collected by centrifugation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

123
(13000 x g for 20 minutes) was dissolved in a small amount

of 0*1 M Tris-acetate buffer of pH 7.4.

This fraction was

stable overnight at 3° C.
(c) Ca3 (P04)2 Gel Treatment —
Ca3 (P04)2 gel was
prepared according to Keilin and Hartree (196). Approximate
ly 0*75 gm of 0a 3 (P04)2 gel (dry weight) was used for 1*0 gm
of protein present in the ammonium sulphate fraction* The
mixture was stirred for 20 minutes* The precipitate was re
moved by centrifugation at 13000 x g for 20 minutes at 0 ° C
and discarded*
(d)

Ammonium Sulphate Reprecipitation —

Solid

ammonium sulphate was added to the supernatant solution after
Ca3 (P04)2 gel treatment to 55% saturation* The precipitate,
collected by centrifugation (13000 x g for 20 minutes) was
dissolved in small amount of 1 M Tris-acetate buffer of pH
7*4* This fraction was stable for at least six months when
stored at -10° C*
4)

Materials

The following materials were commercial prepara
tions: phosphoenolpyruvic trieyclohexylamine salt, ATP, ADP,
ITP, IDP, IMP, GMP, UTP, UDP (Sigma); GTP and GDP (P-l Bio
chemicals); OAA, AMP and cyclic 3' 5'-AMP (Calbiochem); HADH
and MBH (750 units/mg) (Boehringer); Mg0l 2 *6H 20 , MnCl2 *4H 20 ,
0aCl2 *6H 20 , NaHC03 , 2-4 dinitrophenylhydrazine, eacodylic
acid, maleic acid, acetic acid and HaOH (Reagent grade)*
Tris was primary standard grade. Sodium b i c a r b o n a t e - 0 w a s
purchased from Merck Sharp and Dohme Co* of Canada. Buffers
were made by mixing one molar solutions of the buffer pairs
in H 2O : Tris, acetic acid; cacodylic acid, HaOH; maleic acid,
Tris.
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B.
1)

RESULTS

Enzyme Purification
The results of each purification step are sum

marized in Table III, A partially purified PEPCK was obtain
ed which is stable for at least six months when stored at
-10° C, Further purification of the PEPCK beyond stage
four as reported in Table III has been difficult because
of the instability of the enzyme under many conditions re
quired for concentration or fractionation. Attempts to
fractionate the enzyme further with alumina Cy gel, DEAEeellulose column chromatography, carboxymethyl-cellulose
column chromatography and sephadex column chromatography
have resulted, in large losses of activity and little puri
fication.
2)

Temperature Dependence

The temperature dependence of the enzymic activity
was studied for both the carboxylation reaction and decar
boxylation reaction. The temperature of the reaction was
adjusted by circulating water at a given temperature around
the cell chamber of the Gilford Instrument model 2000 absor
bance recorder (Beckman monochromator). The reaction cell
itself was equilibrated to the experimental temperature and
then the reaction was started by the addition of PEPCK, The
temperature of the reaction mixture was measured at the end
of the assay by an immersion thermister (Fenwal Ho, GB 32P8)
connected to a calibrated Wheatstone bridge circuit.
The effect of temperature on the initial rate of
the carboxylation reaction is shown in Pig. 35. The straight
line only indicates the best fit to the series of experimen
tal points when the initial velocities are used in the Arrhen
ius plot. The activation energy was calculated to be 14900
calories. Similarly, the effect of temperature on the initial
rate of the decarboxylation reaction is shown in Pig, 36,
activation energy was calculated to be 17000 calories.
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TABLE III
Purification of Beef Liver PEPCK
a

Extract of 100 grams of beef liver (wet weight).

b

Por definition of unit, see p. 134.

c

Both standard assay procedures (a) and (b) were
used for the determination of the activity of
PEPCK for the carboxylation reaction. Similar
results were obtained from the two procedures.
Results presented here were obtained from the
spectrophotometric assay procedure. Por the
spectrophotometric assay, each cuvette (1.0 cm
light path) contained 0.2 M cacodylate-NaOH buf
fer at pH 5 .8 , 20 mM NaHC03 , 6 mM MhCl2 » 2 mM
PEP, 1 mM IBP, 1 unit of MBH, 0.112 mM NABH, the
appropriate amount of PEPCK and water to make
the final volume 1.0 ml. Por the H 14c03 incor
poration assay, 14c-labelled bicarbonate was
used. MBH and NABH were deleted . from the sys
tem. The reaction mixture contained twice the
amount of the other reactants described above
in a total volume of 2.0 ml.

d

Both standard assay procedures (c) and (d) were
used for the determination of the activity of
PEPCK for the decarboxylation reaction. Simi
lar results were obtained from the two proce
dures. Results presented here were obtained
from the spectrophotometric assay procedure.
Por the spectrophotometric assay, each cuvette
(0.5 cm light path) contained 0.133 M eacodylateNaOH buffer at pH 5.2, 4.7 mM M21CI2 , 0.53 mM
IIP, 0.33 mM OAA, the appropriate amount of PEPCK
and water to make the final volume 1.5 ml. Por
the manometric assay, twice the amount of the
reactants described above were used in a total
volume of 3.0 ml.

e

All reactions were carried out at 25° C.
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TABLE ITT
Purification of Beef Liver PEPCK *

Stage of purification

Total
Protein
gra

Specific Activity
Unit/mg protein

Carboxyla
Decarboxyla Carboxyla
tion (d)
tion
tion
(c)
Unit (b)
Unit (b)
_(c)

Dec arboxylation
(d).......

756

966

0.05

o.o5

3.U5

336

588

0.10

0.17

Supernatant fraction
after Ca3(P04)2 gel
treatment

1.21

297

518

0.2U

0.U3

55# saturated (NH4 )2S04
reprecipitation of
fraction 3

0.93

292

U08

0.31

o.UU

1.

Crude extract a

2.

UO to 55 % saturated
(NH4)2S04 fraction

3.

U.

Total Activity

16.U
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Fig. 35•

She dependency of the activity

of PEPCK for the carboxylation reaction on tempera
ture.

She standard assay procedure (a) was used.

The temperature of the reaction mixture was taken
at the end of each reaction with an immersion ther
mistor.

Each cuvette (1.0 cm light path) contain

ed 0.2 M cacodylate-NaOH buffer at pH 5.8, 5 mM
M C 0 5 , 6 mM MnCl2 , 1 mM PEP, 1 mM ISP, 0.112 mM
NAEH, 3 ng of M33H, 84 ug of PEPCK and water to make
the final volume 1.0 ml.
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H g . 36.

Ihe dependency of the activity

of PEPCK for the decarboxylation reaction on temper
ature.

The standard assay procedure (c) was used*

The temperature of the reaction mixture was taken
at the end of each reaction with an immersion thermister.

Each cuvette (0.5 cm light path) contained

0.133 M of caeodylate-JTaOH buffer at pH 5.2, 0.295mM
OAA, 0.266 mM ITP, 4.7 mM MnCl2 , 0.28 mg of PEPCK
and water to make the final volume 1.50 ml.
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3)

Kinetics
(a)

Effect of pH on the Enzyme — — fig. 37 shows

the pH dependence of the enzyme for the carboxylation reac
tion while Fig. 38 shows the pH dependence of the enzyme for
the decarboxylation reaction. A small shift Is observed on
their pH curves.

The pH maximum for the carboxylation reac

tion is pH 5.5— 5*9 • Effects of various buffers (at the
same concentration) are shown in Fig. 37* Some difference
was observed on the enzyme activity when eacodylate-NaOH buf
fer and Tris-acetate buffer were used. The malate-Tris buf
fer, however, shows a remarkable inhibitory effect on the sys
tem. Fig. 38 shows that the maximum pH for the decarboxyla
tion reaction is 3 *2 .
(b) Kinetics of the Carboxylation Reaction at
low Substrate Concentrations —
The Lin eweave r-Burk plots
(197)
vs
) for EBP, IDP, HOO3 and Ifa4* in the car
boxylation reaction are shown in Figs. 39, 40, 41 and 42.
The apparent Km values obtained at the experimented condi
tions stated are* PEP, 5*36 x 10“^M; HXP, 3*75 x 10”5mj
HCO3-, 6.2 x lO-^M; and lfa++, 1.29 x 1Q-3m.
(c)

Effects of Various Nucleotides on the Carboxy

lation Reaction —
The effects of various nucleotides on the
carboxylation reaction are shown in Table IV. GDP and IDP
demonstrate a high activating effect while ADP and UDP acti
vate the system to a lesser extent. The trlphoapbonucleotides
used demonstrate a slight degree of aetivation. The following
explanations may be applicable here: i) Traces of diphosphonucleotides may be present in the triphosphonucleotides used;
and ii) There may be traces of other enzymes present in our
enzyme preparation that cleave the triphosphonucleotides to
diphosphonucleotides.
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Pig. 37.

The dependency of the activity

of PEPCK for the carboxylation reaction on pH«
standard assay procedure (a) was used.

The

Each cuvette

(1.0 cm light path) contained 5 mM STaHCO^, 10 mM
MhCl2, 2 mM IDP, 2 mM PEP, 0.112 mM NADH, 3

Mg

of

MIH, various buffers at the appropriate pH as indi
cated, 84 Mg of PEPCK and water to make the final
volume 1.0 ml.

Incubation was at 23° C.
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H g * 38,

The dependency of the activity

of PEPCK for the decarboxylation reaction on pH*
The standard assay procedure (c) was used*

Each

cuvette (0*3 cm light path) contained 2 mM MnCl2 ,
0*387 mM OAA, 0*4 mM ITP, 0*133 M of various buf
fers at the appropriate pH as indicated, 0*28 mg
of PEPCK and water to make the final volume 1*30
ml.

Incubation was at 23° C.
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FIGURE 38
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Pig. 39.

The Lineweaver-Burk

plot for PEP in the carboxylation reaction.
standard assay procedure (a) was used.

The

Each cu

vette (1.0 on light path) contained 0.1 M cacodylate-HaOH buffer at pH 5.8, 10 mM MnCl2 , 5 mM
NaHC03 , 2 mM IDP, 0.112 mM NAIH, 3 n& of MPH, PEP
as indicated) 84 ug of PEPCK and water to make the
final volume 1.0 ml.

Incubation was at 25° C.
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Jig. 40.
plot

The Idneweaver-Burk

for ISP in the carboxylation reaction.

standard assay procedure (a) was used.

She

Each cu

vette (1.0 cm light path) contained 0.1 M caoodylate-NaOH buffer at pH 5.8, 10 mM Mn0l2t 5 mM
HaHCOj, 1.9 mM PEP, 0.112 mM BASH, 3 M

of MDH,

ISP as indicated, 84 ug of PEPCK and water to make
the final volume 1.0 ml.

Incubation was at 23° 0.
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Fig. 41.
plot

for NaHCO^

The Lineweaver-Burk
"^e carboxylation reaction.

The standard assay procedure (a) was used.

Each

cuvette (1.0 cm light path) contained 0.2 M cacodylate-NaOH buffer at pH 5.8, 6 mM MnCQ.2, 2 mM PEP,
1 mM IBP, 0.112 mM HASH, 3 US of MDH, NaHC03 as in
dicated, 84 ug of PEPCK and water to make the final
volume 1.0 ml.

Incubation was at 25° C.
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FIGURE 41
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Pig. 42 .
plot

Ike Lineweaver-Burk

for Ma4* in the carboacylation reaction.

standard assay procedure (a) was used.

The

Each cu

vette (leO cm light path) contained 0.1 M cacodylate-NaOH buffer at pH 5 .8 , 1 mM PEP, 1 mM IDP,
5 mM NaHC03 , 0.112 mM HADE, 3 «g of MSB, Mn012 as
indicated9 84 pg of PEPCK and water to make the
final volume 1.0 ml.

Incubation was at 25° C.
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Table IV.

Effects of various nucleo

tides on the carboxylation reaction catalyzed by
beef liver PEPCE.
was used.

The standard assay procedure (a)

Each cuvette (1.0 cm light path) con

tained 0.2 M cacodylate-NaOH buffer at pH 5*8,
5 mM NaHCO^, 6 mM MnCl2 , 2 mM PEP, 0.112 mM NA2H,
3 jug of MUH, nucleotides as indicated, 84 tig of
PEPCE and water to make the final volume 1.0 ml.
Incubation was at 25° C.
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TABLE 17
Effects of Various Nucleotides on the Carboxylation
Reaction Catalyzed by Beef Liver PEPCK
Vo

jcuaoles/min x 103

Nucleotide
used

No PEP

No
Nucleotide

GDP

0.00

0.00

0.00

13.2

IDP

0.00

0.00

0.00

12.4

ADP

0.00

0.00

0.00

6.60

UDP

0.00

0.00

0.00

4.20

0.00

o;oo

0.00

GTP

0.00

0.00

0.00

3.64

ITP

0.00

0.00

0.00

2.35

ATP

0.00

0.00

0.00

1*30

UTP

0.00

0.00

0.00

1.40

GMP

0.00

0.00

0.00

0.00

IMP

0.00

0.00

0.00

0.00

AMP

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

IDP + 0.6mM
Glutathione

Cyclic
3 ’5*-AMP

No Mn++

Nucleotide and
6 mM Mh++

12.4
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(d) Kinetics of the Decarboxylation Reaction at
low Substrate Concentrations
The Idneweaver-Burk plots
(197) ( -\/;vs ^3 ) for OAA, ITP and Mn++ in the decarboxyla
tion reaction are shown in Pigs* 43* 44 and 43* The appa
rent Eft values obtained at the experimental conditions sta
ted ares OAA, 3.5 x 10“% }

ITP, 2.8 x 10“% ; Mu**, 2.1 x

10-%.
(e)

Effects of Various Nucleotides on the Decar

boxylation Reaction —
The effects of various nucleotides
on the decarboxylation reaction are shown in Table V. Of
all the nucleotides studied, ITP demonstrates the most
activating effect when GTP shows a much lesser effect of ac
tivation.

All the other nueleotides studied were found to

have no activation on the enzyme.
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Pig. 43*
plot

The Lineweaver-Burk

for OAA in the decarboxylation reaction.

The standard assay procedure (c) was used.

Each

cuvette (0.5 cm light path) contained 0.133 M cacodylate-NaOH buffer at pH 5.2, 2 mM MnCl2, 0.4 mM
ITP, OAA as indicated, 0.28 mg of PEPCE and water
to make the final volume 1.50 ml.

Incubation was

at 25° 0.
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lig. 44.
plot

The Lineweaver-Burk

for ITP in the decarboxylation reaction.

The standard assay procedure (c) was used.

Each

cuvette (0.5 cm light path) contained 0.153 M of
cacodylate-NaOH buffer, 0.88 mM OAA, 2 mM MnCl2,
ITP as indicated, 0.28 mg of PEPCK and water to
make the final volume 1.50 ml.

Incubation was at

25° C.
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Fig. 45.
plot

The Lineweaver-Burk

for Mh++ in the decarboxylation reaction.

The standard assay procedure (c) was used.

Each

cuvette (0.5 cm light path) contained 0.133 M of
cacodylate-NaOH buffer at pH 5.2, 0.294 mM OAA,
0.266 mM ITP, MnCl2 as indicated, 0.28 mg of
PEPCE and water to make the final volume 1.50 ml.
Incubation was at 25° 0.
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Table 7*

Effects of various nucleotides

on the decarboxylation reaction catalyzed by beef
liver PEPCK.
used.

The standard assay procedure (c) was

Each cuvette (0.5 cm light path) contained

0.133 M of eacodylate-MaOH buffer at pH 5»2, 4*66
mM of MaCl2 » 0.293 mM of OAA, 0.266 mM of various
nucleotides as indicated, 0.28 mg of PEPCK and
water to make the final volume 1.50 ml.

Incuba

tion was at 25° C.
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TABLE V
Effects of Various Nucleotides on the Decarboxylation
Reaction Catalyzed by Beef Liver PEPCK

Vo

nmolea/min x 10 ^
(a\
No }
Nucleotide

Nucleotide
used

No
OAA

GTP

0*00

1.85

0.00

1.80

ITP

0.00

1.85

0.00

1.85

ATP

0.00

1.85

0.00

1.85

1.85

UTP

0.00

1.85

0.00

1.85

1.85

GDP

0.00

1.85

0.00

1.80

1.85

IDP

0.00

1.85

0.00

1.85

1.85

ADP

0.00

1.85

0.00

1.85

1.85

UDP

0.00

1.85

0.00

1.80

1.85

GMP

0.00

1.85

0.00

1.80

1.85

IMP

0.00

1.85

0.00

1.80

1.85

AMP

0.00

1.85

0.00

1.80

1.85

0.00

1.85

0.00

1.85

1.80

Cyclic
315'-AMP

(a)

S 0 (a)
Enzyme

No Mn++

Complete
system

5.56
16.5

Rate was due to Mh++^-catalyzed decarboxylation.
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CHAPTER III
DISCUSSION
One of the most challenging and time-consuming
tasks that enzymologists often face is the purification of
an enzyme. Pure enzymes are required for detailed investi
gation of mechanisms involved in enzyme catalyzed reactions.
PEPCK has been isolated from a great number of sources, but
a preparation of high purity has not yet been obtained. Par
tially purified PEPCK from beef liver has been obtained in
our laboratory. A great deal of effort was put forth for
further purification of the enzyme but the attempt was un
successful.
The optimum pH of beef liver PEPCK is 5*2 for the
decarboxylation reaction and 5.8 for the carboxylation reac
tion. These values differ from those obtained for PEPCK from
other sources. Optimum pH reported for decarboxylation reac
tion of PEPCK from different sources were as follows: from
chicken liver,. 6.0 (198 ); from guinea pig liiver, 8*0 (181)
and from yeast, 5*4 (172). Por PEPCK from pig liver (185),
maximum enzymic activities for both carboxylation and decar
boxylation reactions are reached between pH 6.4 and 6.7*
GDP (or IDP) and Mh++ are required for the carboxy
lation reaction while GTP (or ITP) and Mn++ are required for
the decarboxylation reaction catalyzed by beef liver PEPCK.
Mg++ and Ca++ were found to have little effect on both reac
tions under our experimental conditions.
Numerous reports (181,199) have implicated PEPCK
in liver and kidney gluconeogenesis from tricarboxylic acid
cycle dicarboxylic acids or from pyruvate and lactate through
coupling to pyruvate carboxylase (123). The abbreviated 'di
carboxylic acid shuttle* proposed by Utter (199) utilizes the
155
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combined catalytic activities of mitochondrial pyruvate car
boxylase and PEPCE for the synthesis of PEP from pyruvate
(Diagram V)*

PfWVATE KlHASE.

PYRUVATE-

rrA lA T E .

"EHa-xmE

----

PEP
A'

PYRU^Te .
.cARasx-xiAse

B *
t
i
t
1-rmtATE

->

X> PEPCK

OAA

Diagram V
The overall reaction representing the abbreviated dicarboxylic acid pathway required two molecules of nucleotide triphos
phate (Equation No, rviii).
Pyruvate + ATP + C<>2 -=5= —
OAA + GTP
Net

» OAA + ADP + Pi

PEP + GDP + C02

Pyruvate + ATP + GTP ^

PEP + GDP + ADP + Pi

(xvi)
(xvii)
(xviii)

Utter (75) suggested that the synthesis of PEP either by a
reversal of the pyruvate kinase reaction or by the pathway
involving malate is very unlikely to be significant in avi
an mitochondria. They reported that neither pyruvate kinase
nor malate enzyme is found in significant concentrations in
mitochondria of these species (167). Krebs and Ko mberg (202)
pointed out that non-physiological levels of the reactants are
required for a simple reversal of the pyruvate kinase reaction.
The distribution of pyruvate kinase in tissues also shows an
inverse relationship with glycogenic capacity. In the case
of yeast, Losada (191) found that the level of pyruvate ki
nase decreased drastically whereas that of PEPCE increased
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greatly when glycogenesis was active (cell grown on pyru
vate) malate, aspartate, or acetate). This indicates that
the formation of PEP from any of the compounds utilized was
not from pyruvate through the reversal of the glycolytic re
action catalyzed by pyruvate kinase, but from OAA through
the reaction of PEPCK.

Their interpretation is in agreement

1) with the theory advanced by Utter (75) that pyruvate ki
nase may not play a major role in the synthesis of PEP from
pyruvate during gluconeogenesis in chicken liver and 2 ) with
the observation of Shrago et al. (181) and Lardy (203) that
PEPCK activity in rat liver corresponds to carbohydrate for
mation. On the other hand, when glycolysis was operative
(cell grown on glucose), the level of pyruvate kinase became
very high and that of PEPCK decreased remarkably.

Also, no

malate enzyme was detectable in the cells under these condi
tions. This seems to indicate that OAA is not synthesized
from PEP by PEPCK but rather from pyruvate by pyruvate car
boxylase.
The nucleotide triphosphate specificity pattern of
succinate thiokinase is identical with that of PEPCK (Equa
tions No. xix and xx)
Suceinyl-CoA + GDP (or IDP) + Pi
Succinate + CoA + GTP (or ITP)
OAA + GTP (or ITP) —
PEP + HCO3 + GDP (or IDP)

(xix)

(xx)

Evidence (182,204) has been obtained which indicate that an
effective coupling of these two enzymes is functional in
liver mitochondria of some species. Liver mitochondria are
particularly well adapted for PEP formation because of the
presence of this active GTP (or ITP)-generating system of
succinic thiokinase.
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Solomon et al. (205) estimated that the rate of
conversion in vivo of pyruvate to glycogen in rat liver is
approximately one jimole per minute per gram of liver. A
value of eight to ten nmoles per minute per gram of rat li
ver was calculated from data of Herabrook, Burch, and Lowry
(206) for the conversion of injected lactate (in physiologi
cal excess) to liver glycogen. The capacity of beef liver
mitochondrial PEPCK to catalyze PEP formation from OAA under
our standard assay conditions (25° C) is about nine nmoles
per minute per gram of liver. The activity of beef liver
mitochondrial PEPCK appears, therefore, to be consistent with
the known rate of liver gluconeogenesis.
The recent findings that PEPCK is also located out
side the mitochondria in rat and mouse liver (181) suggest
that this pathway might be of importance in these speeies
and could occur ext rami tochondrially. The relative contri
butions in vivo of PEPCK localized in the mitochondria and
soluble-cell fraction are uncertain (181). In some species,
notably the rat and mouse, essentially all of the assayable
PEPCK in localized (181) in the soluble liver cell. In gui
nea pig, rabbit, and pig liver, 35 to 100# of this enzyme is
found in the mitochondrial cell fraction (181). While mito
chondrial beef liver PEPCK plays an active role in beef li
ver gluconeogenesis, it will be necessary to investigate the
presence of beef liver PEPCK in the soluble fraction and its
contribution to beef liver gluconeogenesis.
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